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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 1001.0 cm and each of top and bottom flanges is 402 cm. 

The steel beams are connected with cross frames of 1L 70707 spaced at intervals of 

4 m. Also, bottom lateral bracings are provided with 1L 12012012. 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,  = 

7850 kg/m
3
; yield stress, y = 360 MPa; Young's modulus, E = 210 GPa; Poisson's 

ratio,  = 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. 

 

 
(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 1.0hw, where hw 

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 (ho) to web height (hw) are investigated; ho/hw = 0.3, 0.5 and 0.7. Furthermore, 

the effect of horizontal reinforcement is considered. Indeed, the area of reinforcement 

(horizontal stiffener) Ar, above and below the web openings is recommended to be 0.3 

Af , where Af  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 Ar/Af are considered; Ar/Af = 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). 
 

 
(a) 5 square web openings (50x50 cm). 

 
(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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,100deflectionin   change  Percentage 











i

ip
                     (1) 

where p  and i are the deflections of perforated and intact system, respectively. 
 

4.1. 1. Large web openings (ho/hw = 0.7)  

Figure 3 shows the percentage change in deflections at mid-span due to large square 

web openings (ho/hw=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 hw (0.55 hw) 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 (Ar/Af = 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 (ho/hw=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 hw (0.50 hw) 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 (Ar/Af = 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. 
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Figure 3: Effect of large square web openings (ho/hw=0.7) on deflection at mid-span. 
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Figure 4: Effect of large rectangular web openings (ho/hw=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 (ho/hw = 0.5)  

To show the effect of medium square web openings (ho/hw=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 1.0hw 

(1.25hw). 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 (Ar/Af = 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 (ho/hw=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 hw (1.5 hw) 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 (Ar/Af = 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 (ho/hw=0.5) is 

less than that of the bridge without opening. 
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    Figure 5: Effect of square medium web openings (ho/hw=0.5) on deflection at mid-

span. 
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    Figure 6: Effect of rectangular medium web openings (ho/hw=0.5) on deflection at 

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 (ho/hw = 0.3)  

To determine the effect of small square web openings (ho/hw=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/hw=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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Figure 7: Effect of square small web openings (ho/hw=0.3) on deflection at mid-span. 
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Figure 8: Effect of rectangular small web openings (ho/hw=0.3) on deflection at mid-

span. 
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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: 

,100frequencyin   change  Percentage 






 


i

ip

f

ff
                     (2) 

where fp  and fi are the frequencies of perforated and intact system, respectively. 

 

4.2. 1. Large square web openings (ho/hw = 0.7)  

Figure 9 shows the percentage change in frequencies due to large square web openings 

(ho/hw=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 hw 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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(a) Mode (1). 
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 (b) Mode (5). 
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(c) Mode (10). 

Figure 9: Effect of large square web openings (ho/hw=0.7) on bridge frequencies. 

 

4.2. 2. Large rectangular web openings (ho/hw = 0.7)  

Figure 10 illustrates the percentage change in frequencies due to large rectangular web 

openings (ho/hw=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 hw. 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 (ho/hw = 0.3 or 0.5)  

Indeed, the results obtained for small web openings (ho/hw = 0.3) and medium web 

openings (ho/hw = 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 Ar/Af = 0.15 has considerable effect to increase the bridge frequencies. However, 

increasing Ar/Af 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 (ho) to web height (hw) are 

investigated; ho/hw = 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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1) Use one rectangular opening than using more than one square openings with 

the same web opening height. 

2) 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. 

3) Locate the opening at a distance from the support of at least the height of web. 

4) Minimize the height of the opening to be not more than 0.5 of web height. 
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صلببار تحليل ا مستطيلة باستخدام ي ا  ذات فتحات اأعصاب ا
محددة  عناصر ا   نظرية ا

 

باري ياع ب ا   إن ا تمريار وتر لاارية  انار اة باً ماا تتلباع لمات اتحاا  ااي ا  حديثة غا ي ا مبا وا
ناابع   ماارا  ا بياار  اااي  لناااع ا لااؤد ووااد يااادي ويااود اتحااا   بم تاادما   ااابل  ا اا  مواسااير و إ

حتحاا د  اان هاذ ا ت و ب اد وم لآ  وي تمد هذا لب  ل م بحام ب مات تغيير سبوك هذ ا اذا يتاته هاذا ا
بااااار تحبياااات  مدلمااااة با حيباااااة ب نااااابع وا ظمااااة  (Cross frames)ي ا د او  ساااااحبية  رضااااية اسااااا ا

(Bottom lateral bracing systems) تااي بتااا ظر  وا يااة اتحااا  مسااتليبة با لناااع باسااتتداه 
محدد د انر ا مرا  بؤب اد  ةوود ته لمت دراسة بارامتري ا  تؤثير ويود اتحا  مستليبة اي  لناع ا

ي(  امي ادي سابوك ا لبي اي )ا تاردد ا ك لب  ا ذ ي( و سبوك ااستاتي و لداد متتبحة لب   ون  ترتيه )ا
واح تقوية  اقية  لب  و  ك ته دراسة تؤثير ويود   ذ باريد  ااااا  متتبحاة لبا  ماذج ا حتحاا  ب  ساحت ا

دراسةد   ه ياتذ اي االتبار اي هذ ا ب اج ولده ااستقرار  تيار اا باريد لبماً بؤن ا  سبوك هذ ا
تارج  ن   بحر  لناع وود ويد من ا تنف ا ويود اتحة واحد  مستليبة  و مرب ة اي م
مدلمة با حيبة بار مرا  ا نبع وا ظمة ي ا سحبية، رضية اد ساو  ه تؤثير ضريت لب   ون   ا

حتحا  لن اتحة واحد   باريد اي حين  ن اياد  لدد ا ماذج ا لبي ي  تردد ا ترتيه و تؤثير وبيت لب  ا
قص ييع  تذ اي االتبار اي  ترتيه و بير  اي ا باريد يادي إ  اياد   ماذج ا لبي ي  تردد ا ا

بير  اي  ون   مر  يادي إ  اياد   ب حتحا  إ  ارتحاع ا نع  سبة ارتحاع ا ك ويد  ن اياد   ذ
احية  ترى،  تحبيت ا ددترتيهد ومن  تارج ا تقوية ا اقية ) لب  و سحت  ظتر   واح ا ي  ن ويود  

سبوك اا ت من ا بير  حتحا ( يحسّن إ  حد  باريد حيم ويد  ن ا ماذج ا ي  امي دي ي وا ستاتي
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ن تؤثير  باري، و ماذج ا لبي ي  تردد ا تقوية يقبت من  ون  ترتيه ويايد من ا واح ا ااا    اياد  
ة  ون  ترتيهد   بر اي حا تقوية   واح ا  ااا   

سابقة  تارج ا تحبيت وا اءً لب  ا بار ب مدلمة با حيبب نبع وا ظمة  ةي ا د او   رضية اس
تا، يُون  بما يبي: مرا   تي يباه لمت اتحا  مستليبة اي  لناع ا سحبية، وا  ا

حس اارتحاعد (1 تا   استتداه اتحة واحد  مستليبة لن استتداه اتحتين  و ثلم اتحا  مرب ة 
ثر من اتحة (2 د ويود   حتحا ( تنوناً ل واح تقوية  اقية ) لب  و سحت ا ، بحيم استتداه  

وح لن  ت  سبة مساحة  ون  0.15اتقت  لحة ويحضت  ن ت ، وايقت لوت 0.30من مساحة ا
حتحة لن  بي ا ربال لب  يا  سهد 11ا

مر د    (3 دلامة لن لمق لنع ا تا وبين ا مسااة بي حتحا  بحيم اتقت ا  وضع ا

حتحا  بحيم ايت دى  (4 مر د 0.50تقبيت ارتحاع ا  لمق لنع ا
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