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This study is concerned with parametric study of the effect of rectangular
web openings on the response of steel bridges with cross frames and
bottom lateral bracings. The study includes studying the deflections of
steel bridges as an important factor of static response and the frequencies
of steel bridges as an important factor of dynamic response. The influence
of rectangular web openings of various sizes and numbers on the response
of steel bridges is investigated with and without horizontal stiffeners
(reinforcements). Buckling and instability failures of the steel beams are
not considered in the present analysis. Based on the analysis results of
steel bridges with cross frames and bottom lateral bracings, it is shown
that existence of only one rectangular (square) web opening at mid span
has almost negligible effect on the maximum deflections at mid span and
small effect on the frequencies of bridge models. However, existence of
more than one square or rectangular web opening leads to great increase
in the deflection at mid span and considerable decrease in frequencies.
Also, an increase in the ratio of web opening height to web height leads to
great increase in the maximum deflection of bridge model. On the other
hand, horizontal stiffeners (reinforcements) above and below web
openings improves both static and dynamic response of steel bridge
models especially, for multiple web openings. However, the effect of
reinforcement stiffness is more pronounced for static response.

KEYWORDS: Analysis, steel bridges, rectangular web openings,
finite element, investigation.

1. INTRODUCTION

In modern buildings, openings are frequently required to be provided in structural
members so that building services may be incorporated into structural zones for
simplified layout and installation. The presence of large web openings may have a
severe penalty on the load carrying capacities of floor beams, depending on the shapes,
the dimensions and the locations of the openings. Both rectangular and circular
openings are commonly used, and reinforcements around the web openings may be
provided as necessary through rational design [1]. Indeed, web openings reduce the
stiffness of a member at an opening by lowering both of gross moment of inertia at the
opening and cross sectional area available for carrying shear.

The lower gross moment of inertia results in increased curvature at openings
subjected to bending. Furthermore, the loss of material for carrying shear results in
differential vertical (Vierendeel) deflections between the ends of openings subjected to
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shear. The use of reinforcement at an opening can restore the gross moment of inertia
[2].

A large amount of research efforts on the structural behaviour of steel and
composite beams with web openings have been reported in the literature over the last
three decades. Most of the work has examined the effects of web openings on steel
beams. Problems associated with cutting openings in webs of steel beams have been
considered by Redwood and Cho [3]. They resulted in approximate method for the
design of steel beams with web openings. Shan et al. [4] have investigated bending and
shear behaviour of web elements with openings for cold-formed steel beams. They
recommended using a modified interaction equation employed by AISI (American Iron
and Steel Institute) specification to account for the influence of the web opening.
Chung et al. [1] have investigated the effect of circular web openings on beams' shear
and bending load carrying capacities. Liu and Chung [5] have investigated the
behaviour of steel beams with large web openings of various shapes and sizes using
finite element method. They found that all steel beams with web openings of various
shapes and sizes behave similarly among each other in terms of deformed shapes under
a wide range of applied moment and shear force. Hagen et al. [6] have carried
numerical simulations to determine the ultimate shear capacity of steel plate girders
with large web openings. Moreover, Hagen and Larsen [7] have given equations and
guidelines for the ultimate shear capacity of steel plate girders with large web
openings.

Other research work has examined the effect of web openings on composite
beams. Fahmy [8] has investigated the response of composite beams with un-
reinforced rectangular web openings. He showed that the strength of composite beam
decreases with the increase of opening length and height. Benitez et al. [2] have
studied the deflections of composite beams with web openings. They found that
ignoring both the web opening and shear deformation could lead to significant error.
Also, they found that for small openings, bending deformations are negligible.
Conversely, for large openings, the effect of shear deformations are negligible. Chung
and Lawson [9] have given simplified design tables of composite beams with large
web openings to Eurocode 4. They recommended the geometry and arrangement of
web openings as well as reinforcement. Park et al. [10] have investigated the ultimate
shear strength of ribbed slab composite beams with web openings. They found that the
maximum shear capacity is approximated as the sum of the individual shear capacity of
the steel beam and the concrete slab. Hassan [11] has studied the flexural behaviour of
composite beams with stiffened and un-stiffened circular web openings. The author
recommended to minimize the height of the opening relative to the beam depth and use
stiffeners around the web openings.

As the aforementioned summary indicates, most of the researches have been
carried out on static response of individual steel or composite beams . However, rare
studies have been carried on the effects of web openings on static and free vibration
response of steel bridges. So, the objective of this paper is to investigate the influence
of web openings on the free vibration response as well as the maximum deflections of
steel bridges with cross frames and bottom lateral bracings. Indeed, understanding how
steel bridges with web openings respond in static and dynamic can help reduce stresses
and displacements and give advice to designers at the scheme design stage. A careful
numerical study is carried out by using the finite element method to analyze the
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behaviour of steel bridges with rectangular web openings of different sizes and
numbers. Both steel webs and flanges of beams are modeled using shell elements.
Cross frames and bracing members are modeled using beam elements. The
convergence of frequencies is obtained via comparing the results of different meshes.

2. FINITE ELEMENT ANALYSIS
2.1. Bridge Geometry

The basic model of the bridge used in this analysis consists of two steel girders, 2 m
spacing between web centre-lines, and simple span of 12 m and total length of 12.2 m.
Webs of the girders are 100x1.0 cm and each of top and bottom flanges is 40x2 cm.
The steel beams are connected with cross frames of 1L 70x70x7 spaced at intervals of
4 m. Also, bottom lateral bracings are provided with 1L 120x120x12. Indeed X-type
cross frames and lateral bracings are recommended for both horizontal and curved steel
bridges by many researchers, e.g., [12] and [13]. So, only bridges having X-shaped
cross diaphragms and lateral bracings are considered in the current work. The bridge is
designed according to Egyptian Code of Practice (ECP) for steel construction and
bridges [14]. A cross section of the finite element model representing the basic section
of the bridge is shown in Fig. 1(a). The material properties of steel are: density, p =
7850 kg/m3; yield stress, o, = 360 MPa; Young's modulus, £ = 210 GPa; Poisson's
ratio, v = 0.3.

2.2. Model Description

The finite-element modeling in the present study was carried out using the
MARC/Mentat package [15], [16]. A three-dimensional finite element model with the
following characteristics had been used: (1) a four-node thick shell element with six
degrees of freedom at each node (element 75) was used to model steel webs and steel
flanges; (2) a two-node beam element with six degrees of freedom at each node
(element 52) was used to model both cross frames and bracing members. One of the
supports of the system is hinged and the other is roller.

Three different meshes are investigated and both the maximum deflection and
the fundamental frequencies are convergent for finer mesh. An isometric view of the
finite element model of the basic section (without web opening) is shown in Fig. 1(b),
with 4733 nodes and 4880 elements (10 elements for web and 4 elements for each
flange and 122 shell elements along the span). The height of cross frames is 8 shell
elements of the web height and each beam member is divided into 4 elements. In
present study, the following assumptions are considered: (1) the bridge models are
simply-supported; (2) the bridges have uniform cross sectional area between support
lines; (3) all materials are elastic and homogenous; (4) webs of the steel girders are
vertical, and (5) deformations are assumed to remain within the limits of small
displacement theory; (6) the own weight of steel beams, cross frames, and lateral
bracings and additional dead load are considered. It is important to mention that the
dead loads have considerable influence on lower frequencies of beams, especially the
fundamental one and this effect increases with the increase of dead load, Abdo [17].
Fig. 1(c) shows an elevation of the steel bridge with one web opening (100x50 cm).
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(a) Finite element representation of bridge cross section.

(b) Isometric view of the bridge.
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(c) View of the bridge with one web opening (100x50 cm).
Figure 1: Bridge model.

3. PARAMETRIC STUDY

In the present investigation, all steel beams are built-up I-beams (non-compact). All
web openings are concentric to the mid-height of the sections and symmetric about the
mid-span of the steel bridge. For beams with multiple web openings, buckling of web
posts may be critical when the openings are closely spaced. In this study and for
multiple openings, the distances between the edges of the openings are 1.0h,,, where h,,
is the web height. For perforated sections with these geometrical dimensions, it is
generally considered that local buckling in the tee sections at the perforated sections is
not critical. This in agreement with Liu and Chung [5].
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A large number of finite element models (133 models) were constructed, and
normalizing techniques were used to help generalize the results. When investigating
the effect of web openings on the behaviour of steel I-girder bridge, both square and
rectangular web openings are considered. Also, the effect of multiple web openings
along the span of bridge models is studied. Three different ratios of web opening
height (h,) to web height (hy,) are investigated; h/h,, = 0.3, 0.5 and 0.7. Furthermore,
the effect of horizontal reinforcement is considered. Indeed, the area of reinforcement
(horizontal stiffener) A,, above and below the web openings is recommended to be 0.3
A¢, where A; is the area of I-beam flange, and the projection of reinforcement beyond
the edge of an opening (anchorage length of the reinforcement) should not be less than
15 cm, [9]. In this study, three ratios of A,/A¢ are considered; A/A¢= 0.0, 0.15 and 0.3
which represent web openings without reinforcement, web openings with
reinforcement on one side only and web openings with reinforcement on two sides,
respectively. For all models, the maximum deflection at mid span and the first twenty
natural frequencies of the system are calculated with the physical and mechanical
properties mentioned above. Typical web openings of the bridge model with
reinforcements are shown in Fig. (2).
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(b) 5 rectangular web openings (100x50 cm).
Figure 2: Typical web openings of the bridge model with reinforcements.

4. RESULTS AND DISCUSSIONS

The following description summarizes the effects of rectangular web openings on
deflection and free vibration response of steel I-beam bridges.

4.1. Static Deflection at Mid Span

In the following investigation, the maximum deflection at mid-span is calculated for
each model. The percentage change in deflection of steel I-beam bridge is calculated as
follows:
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A A
Percentage change in deflection :( i A ‘Jx 100, (D)

where A, and A; are the deflections of perforated and intact system, respectively.

4.1.1. Large web openings (ho/hy = 0.7)

Figure 3 shows the percentage change in deflections at mid-span due to large square
web openings (h,/h,=0.7) with different ratios of reinforcement area to flange area.
Different number of square web openings are considered; 1, 3, 5 and 7 web openings
(70x70 cm). For un-reinforced web openings it is shown that the percentage change in
deflection at mid span is almost zero for one web opening. This is due to the bottom
lateral bracing effect on the rigidity of steel bridge. However, as the number of square
web openings increases, the percentage change in deflection at mid span increases.
Thus for 3, 5 and 7 web openings the percentage increase in deflections are; 12%, 31%
and 59%, respectively. It is clear that as the web openings become nearer to support,
the percentage increase in deflection becomes greater. It is of interest to mention that
for 7 web openings the distance between the edge of the opening near support and the
support is less than 1.0 hy, (0.55 hy,) which is not recommended in design [9]. On the
other hand, the horizontal stiffeners (reinforcements) have considerable effect to
decrease the deflections at mid span of bridge models. Also, as the stiffness of
reinforcements increases the maximum deflection of the bridge decreases. For
reinforced square web openings with (A/A¢ = 0.3), the defections at mid span of the
bridge decrease to 48%, 66% and 74% of that of un-reinforced openings for 3, 5 and 7
web openings, respectively. Moreover, for only one web opening the percentage
change in deflection becomes negative which means that the deflection of the bridge
with reinforced one square web opening (70x70 cm) is less than that of the bridge
without web opening.

Figure 4 shows the percentage change in deflections at mid-span due to large
rectangular web openings (h,/h,=0.7) with different ratios of reinforcement area to
flange area. Different number of rectangular web openings are considered; 1, 3 and 5
of size (140x70 cm) with rectangularity ratio 2:1 and one web opening of size (210x70
cm) with rectangularity ratio 3:1. For un-reinforced web openings it is shown that the
percentage change in deflection at mid span is almost zero for one web opening of size
(140x70 cm) or (210x70 cm). This is due to the bottom lateral bracing effect on the
rigidity of steel bridge model. However, as the number of rectangular web openings
increases, the percentage change in deflection at mid span increases greatly. Thus for 3
and 5 web openings the percentage increases in deflections are; 61% and 180%,
respectively. It is clear that as the web openings become nearer to support, the
percentage increase in deflections becomes greater. It important to mention that for 5
web openings (140x70 cm) the distance between the edge of the opening near support
and the support is less than 1.0 h,, (0.50 hy,) which is not recommended in steel design
[9]. On the other hand, the horizontal stiffeners (reinforcements) have considerable
effect to decrease the deflections at mid span of the steel bridges. Also, as the stiffness
of reinforcements increases the maximum deflection of the bridge decreases. For
reinforced rectangular web openings with (A/Ar = 0.3), the defections at mid span of
the bridge decrease to 62% and 67% of that of un-reinforced openings for 3 and 5 web
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openings, respectively. Moreover, for only one rectangular web opening the percentage
change in deflection becomes negative which means that the deflection of the bridge
with reinforced one rectangular web opening is less than that of the bridge without web
opening.

190.0
c ]
S 170.0 1 O Ar/Af=0.00
&) ]
8 15001 EAr/Af=0.15
= i
T 1300] WAUAR=0.30
£ 1
S 110.0 4
S ]
S 90.0 4
8 ]
O  70.0 4
% 4
3 Eeo
& 30.0 o g
4 1 Brsed
o B
10.0 A B
~ ool | Emm '
RS s
10.0 1 R < Sedeees e

3 (70x70) 5 (70x70) 7 (70x70)

Number of holes

1 (70x70)

Figure 3: Effect of large square web openings (h/h,=0.7) on deflection at mid-span.
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Figure 4: Effect of large rectangular web openings (h,/h,=0.7) on deflection at mid-span.

In Figs. 3 and 4 it is clear that one rectangular opening (210x70 cm) gives less
deflection at mid span than 3 square web openings (70x70 cm) although they have the
same web opening area. Also, three rectangular openings (140x70 cm) gives
approximately the same deflection at mid span as 7 square web openings (70x70 cm).
This can be interpreted by the fact that the web opening at mid span of simply
supported bridge is subjected to bending moment only. However, additional web
openings are subjected to both bending moment and shear. So, it is recommended to
use one rectangular web opening than using two or three square web openings in steel
bridges with lateral bracings and to use horizontal stiffeners (reinforcements) above
and below the web openings especially, for multiple web openings.
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4.1. 2. Medium web openings (h./hy, = 0.5)

To show the effect of medium square web openings (h,/h,=0.5) with different ratios of
reinforcement area to flange area on the maximum deflection of steel bridges, the
relationship between percentage change in deflections at mid-span and the number of
square web openings are plotted in Fig. 5. Different numbers of square web openings
are considered; 1, 2, 3, 5 and 7 web openings (50x50 cm). For un-reinforced web
openings it is shown that the percentage change in deflection at mid span is almost zero
for one web opening only. However, as the number of square web openings increases,
the percentage changes in deflection at mid span increases with percentage increase in
deflections of 10% for 7 square web openings. It is clearly seen that as the web
openings become nearer to support, the percentage increase in deflections become
greater. It is of interest to mention that for 7 web openings (50x50 cm), the distance
between the edge of the opening near support and the support is greater than 1.0h,,
(1.25h,). On the other hand, the horizontal stiffeners (reinforcements) have
considerable effect to decrease the deflections at mid span of the steel bridge models.
Also, as the stiffness of reinforcements increases the maximum deflections of the
bridge decreases. For reinforced web openings with (A/A; = 0.3), the defection at mid
span of the bridge decrease to 0%, 15%, 50% and 68% of that of un-reinforced
openings for 2, 3, 5 and 7 web openings, respectively. Moreover, for only one web
opening the percentage change in deflection becomes negative which means that the
deflection of the bridge with reinforced one square web opening (50x50 cm) is less
than that of the bridge without opening.

Figure 6 shows the percentage change in deflections at mid-span due to
medium rectangular web openings (h,/h,=0.5) with different ratios of reinforcement
area to flange area. Different number of rectangular web openings are considered; 1, 3
and 5 of size (100x50 cm) with rectangularity ratio 2:1 and one web opening of size
(150x50 cm) with rectangularity ratio 3:1. For un-reinforced web openings it is shown
that the percentage change in deflection at mid span is almost zero for one web
opening of size (100x50 cm) or (150x50 cm). However, as the number of rectangular
web openings increases, the percentage change in deflection at mid span increases.
Thus for 3 and 5 web openings (100x50 cm) the percentage increase in deflections are;
8% and 22%, respectively. It is clear that as the web openings become nearer to
support, the percentage increase in deflections become greater. It is of interest to
mention that for 5 web openings (100x50 cm) the distance between the edge of the
opening near support and the support is greater than 1.0 h, (1.5 hy) which is
recommended in design. On the other hand, the horizontal stiffeners (reinforcements)
have considerable effect to decrease the deflections at mid span of the steel bridge
models. Also, as the stiffness of reinforcements increases the maximum deflection of
the bridge decreases. For reinforced web openings with (A,/A; = 0.3), the defections at
mid span of the bridge decrease to 51% and 69% of that of un-reinforced openings for
3 and 5 web openings (100x50 cm), respectively. Moreover, for only one rectangular
web opening the percentage change in deflection becomes negative which means that
the deflection of the bridge with reinforced one rectangular web opening (h,/h,=0.5) is
less than that of the bridge without opening.
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mid-span.

In Figs. 5 and 6 it is clear that one rectangular opening (150x50 cm) gives less
deflection at mid span than three square web openings (50x50 cm) although they have
the same web opening area. Also, one rectangular opening (100x50 cm) gives less
deflection at mid span than two square web openings (50x50 cm) although they have
the same web opening area. This can be interpreted by the fact that the web opening at
mid-span of simply supported bridge is subjected to bending moment only. However,
additional web openings are subjected to both bending moment and shear. So, it is
recommended to use one rectangular web opening than two or three square web
openings in steel bridges with lateral bracings.
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4.1. 3. Small web openings (h./hy, = 0.3)

To determine the effect of small square web openings (h,/h,=0.3) with different ratios
of reinforcement area to flange area on the maximum deflection of steel bridges, the
relationship between percentage change in deflections at mid-span and the number of
square web openings are plotted in Fig. 7. Different numbers of square web openings
are considered; 1, 3, 5 and 7 web openings (30x30 cm). Figure 8 illustrates the
percentage change in deflections at mid-span due to small rectangular web openings
(ho/h,=0.3) with different ratios of reinforcement area to flange area. Different number
of rectangular web openings are considered; 1, 3 and 5 of size (60x30 cm) with
rectangularity ratio 2:1 and one web opening of size (90x30 cm) with rectangularity
ratio 3:1. It is clear that the results obtained for small web openings (square or
rectangular) are similar to that obtained for medium or large web openings.

From Figs. 3, 5 and 7 it can be easily seen that an increase in the ratio of web
square opening height to web height leads to great increase in the maximum deflection
of bridge model. Similar observation can be easily inferred from Figs. 4, 6 and 8 for
rectangular web opening. So, it is recommended to minimize the height of the opening
to be 0.5 of web height.
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4.2. Free vibration response

In the following investigation, the first twenty natural frequencies of each model are
calculated. The percentage change in frequency of steel I-beam bridge is calculated as
follows:
: [, =
Percentage change in frequency = T x 100, ()

where f, and f; are the frequencies of perforated and intact system, respectively.

4.2.1. Large square web openings (h/h, =0.7)

Figure 9 shows the percentage change in frequencies due to large square web openings
(hy/hy=0.7) with different ratios of reinforcement area to flange area for different
modes. Different number of square web openings are considered; 1, 3 and 5 web
openings (70x70 cm) for different mode shapes. Seven square web openings (70x70
cm) are not considered here because the distance of the edge of the web openings near
the support and the support will be less than h,, which is not recommended in design as
mentioned in Section 4.1.1. For un-reinforced web openings it is shown that the
percentage change in frequency is almost zero for one square web opening. This is due
to the bottom lateral bracing effect on the rigidity of steel bridge. However, as the
number of square web openings increases, the percentage change in frequency
becomes negative due to the reduction in stiffness and consequently a reduction in
frequency. On the other hand, the horizontal stiffeners (reinforcements) have
considerable effect to increase the frequencies of steel bridges with web openings.
Also, as the stiffness of reinforcements increases the frequencies of the bridge increase
slightly for all modes. Moreover, for only one web opening the effect of reinforcement
is negligible. It is important to mention that when the percentage change in frequency
becomes positive this means that the frequency of the bridge with reinforced web
openings is greater than that of the bridge without web openings. Also, the effect of
number of web openings and reinforcement is different from one mode to another one.
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Figure 9: Effect of large square web openings (ho/hw=0.7) on bridge frequencies.

4.2. 2. Large rectangular web openings (h./hy = 0.7)

Figure 10 illustrates the percentage change in frequencies due to large rectangular web
openings (h,/h,=0.7) with different ratios of reinforcement area to flange area for
different modes. Different number of rectangular web openings are considered; 1 and 3
of size (140x70 cm) with rectangularity ratio 2:1 and one web opening of size (210x70
cm) with rectangularity ratio 3:1. Again, five rectangular web openings (140x70 cm)
are not considered here because the distance between the edge of the web openings
near the support and the support will be less than h,,. For un-reinforced web openings it
is shown that the percentage change in frequencies is small for one web opening of size
(140x70 cm) or (210x70 cm). This is due to the bottom lateral bracing effect on the
rigidity of steel bridge. However, as the number of rectangular web openings increases,
the percentage changes in frequencies decrease. On the other hand, the horizontal
stiffeners (reinforcements) have considerable effect to increase the frequencies of the
steel bridges. Also, as the stiffness of reinforcements increases the frequencies of the
bridge increase slightly. Moreover, when the percentage change in frequency becomes
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positive this means that the frequency of the bridge with reinforced rectangular web
opening is greater than that of the bridge without web opening. Again, the effect of
number of web openings and reinforcement is different from one mode to another one.

In Figs. 9 and 10 it is clear that one square or rectangular web opening has
small effect on the frequencies of steel bridges. This can be interpreted by the fact that
the web opening at mid-span of simply supported bridge is subjected to bending
moment only. However, additional web openings are subjected to both bending
moment and shear.

4.2. 3. Small and medium web openings (h./hy, = 0.3 or 0.5)

Indeed, the results obtained for small web openings (h,/hy, = 0.3) and medium web
openings (hy/hy, = 0.5) are similar to the results shown in Figs. 9 and 10. So, for better
performance of free vibration response of steel bridges with bottom lateral bracings, it
is recommended to use only one rectangular web opening at mid span than using more
than one square web openings with the same opening height and to use (horizontal
stiffeners) reinforcements especially for multiple web openings. Reinforcements with
ratio A,/A¢ = 0.15 has considerable effect to increase the bridge frequencies. However,
increasing A/A;to be 0.3 will have less increase in bridge frequencies.
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Figure 10: Effect of large rectangular web openings (ho/hw=0.7) on bridge
frequencies.

5. CONCLUSIONS

Finite element modeling of structural steel I-girder bridge with cross frames and
bottom lateral bracings is presented in this paper. A parametric study of the effect of
web openings on static and dynamic response of steel bridges is presented. So, the free
vibration response as well as the maximum deflections of bridge models is
investigated. Three different ratios of web opening height (h,) to web height (h,,) are
investigated; hy/hy, = 0.3, 0.5 and 0.7. Furthermore, the effect of horizontal stiffeners
(reinforcements) is considered with different ratios of reinforcement area to flange
area. Buckling and instability failures of the steel beams are not considered in the
present analysis. The maximum deflection at mid-span and the first twenty natural
frequencies of each model are calculated.

Based on the above results, it can be concluded that for steel bridges with cross
frames and bottom lateral bracings, the existence of only one rectangular (square) web
opening at mid span has almost negligible effect on the maximum deflections and
small effect on the frequencies of bridge models. However, existence of more than one
square or rectangular web openings leads to great increase in the deflection at mid span
and considerable decrease in frequencies. Also, an increase in the ratio of web opening
height to web height leads to great increase in the maximum deflection of bridge
model. On the other hand, horizontal stiffeners (reinforcements) above and below web
openings improves both static and dynamic response of steel bridge models especially,
for multiple web openings. Thus, an increase in stiffness of reinforcements above and
below web openings leads to a decrease in maximum deflections and an increase in
bridge frequencies. However, the effect of reinforcement stiffness is more pronounced
for static response.

6. RECOMMENDATIONS

Based on the previous analysis and conclusions of steel I-girder bridge with cross
frames and bottom lateral bracings which is supposed to have rectangular web
openings, it is recommended to:
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[8]
[9]

[10]

[11]

[12]

Y

2)

3)
4)

Use one rectangular opening than using more than one square openings with
the same web opening height.

Use horizontal stiffeners (reinforcements) above and below web openings
especially, for multiple web openings. The ratio of each reinforcement area to
flange area should not less than 0.15 and it is preferable to be 0.3; with
anchorage length = 15 cm beyond the edges of the opening.

Locate the opening at a distance from the support of at least the height of web.
Minimize the height of the opening to be not more than 0.5 of web height.
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