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Abstract

This research aims to investigate the structural behavior of arched steel beams
with and without web circular openings, strengthened and non-strengthened using
steel stiffeners. For this purpose, experimental and numerical work was
implemented. The experimental work included testing seven simply supported
arched I-shape compact steel section beams under two concentrated and
symmetrical loading. The beams were categorized into two groups, in addition to
an additional beam without openings as a control beam. The first group consisted
of three arched beams with different numbers of non-strengthened circular
openings in various locations. On the other hand, the second group consisted of
another three arched beams with circular openings strengthened by steel stiffeners.
The studied parameters were: the existence of circular opening, location of the

opening, number of openings and strengthening effect using steel stiffeners.

The experimental results for the first group revealed that creating openings at
the mid-span decrease the ultimate load capacity by (12.5%) while edge openings
had minimal effect on ultimate strength, nearly 9%, if compared with reference
beam without opening. Furthermore, decreases in the horizontal displacement of
the specimens were observed by about (9 to 33%), and (19 to 32%) in vertical mid
span deflection, when compared with the control beam. In contrast, the reductions
in the ultimate loads for the second group were nearly (8 to 11%), while the
decreases in the horizontal displacement were (9 to 29 %) and (12 to 29%) for
vertical mid span deflection when compared with the reference beam. Moreover,
strengthening the openings’ region by steel stiffeners slightly increased the
ultimate strength by nearly (1% to 3%) if compared with the non-strengthened
beams.

Non-linear finite element analysis was performed using ABAQUS program to

compare with experimental work and studying the effect of new parameter:



opening diameter, openings number, opening shape, steel yielding stress, adding
stiffeners, arched beam radius, support type and effect of strengthening using steel
stiffeners around the opening. There was a reasonable convergence between the
experimental and numerical results in terms of the ultimate load, maximum
deformations, load-deformation curves, and mode of failure. The average
difference in the ultimate load, the maximum horizontal displacement and the
maximum vertical midspan deflection found to be equaled to 1.97%, 5.13% and

22.66% respectively.

Furthermore, the results obtained from the numerical analysis of the arched
beams revealed that the ultimate failure loads decreased by nearly (2 to 21%) as
the opening diameter at the middle web increases from (50 to 125mm)
respectively. On the other hand, the ultimate failure load of the arched beams with
openings near the supports decreased by about 26% when the diameter increased to
125mm in comparison with the control beam. Besides, the results revealed that the
increase in the steel yielding stress increased the ultimate load capacity for all
types of beams, in which the ultimate strengths of the arched beam without
opening and arched beam with middle opening reached to (153.36, 142.2KN),
respectively at experimental yielding stress (333 Mpa for the web and 340 Mpa for
the flange) and decreased by about 24% at 248 MPa and increased by about (10%
and 36%) at (360 Mpa and 450 MPa) respectively . Furthermore, increasing the
radius of the arched beams (i.e. using 537.3, 797.5 and oo mm radii) caused a
decrease in their ultimate load capacity and the stiffness. In addition, adding steel
stiffeners at the maximum bending moment and maximum shear zones increased
the ultimate failure load of the arched beams by (0.75%, 1.8%, 2.29%, 7.60%)
when using 2, 4, 6 and 9 stiffeners, respectively at both sides of the beam if

compared with the arched beam without added stiffeners.
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Chapter One Introduction

CHAPTER ONE
INTRODUCTION

1.1 General

The arched beam can be defined as a bended girder having convexity
upwards, and constrained at its edges. In the past, the arches had been the
backbone of the important buildings [1]. In the present day, the arched
constructional steel is becoming more and more popular in the world being it
provides an attractive solution due to their aesthetic appearance and the wide
variety of forms that can be created [2]. Also, because of relatively smaller values
of shear stresses and bending moments induced in the arched beam compared with
the straight beam, it is preferred to utilize arched girders in structural purposes.
This characteristic enabled structural engineers to achieve large spans in buildings
roofing and bridges decking [3].

With the development of buildings, organizing pipes and conduits of the basic
building requirements like water supply, air- conditioning, sewage, telephone,
electricity, and computer network within construction become essential. Usually,
these pipes and conduits are set under beams and, for aesthetic reasons, are
covered by a suspended ceiling, which creates a dead space. Thus, passing these
conduits through a transverse opening within beams will decrease the dead space
and result in a more compact plan. For small buildings, the saving thus achieved
may not be significant, but for multistory buildings, any saving in story rise
multiplied by the stories number can represent a substantial saving in total rise of
the building [4].

Practically, the most popular shapes of openings are rectangular and circular.

Circular openings are desired to passing service pipes, such as plumbing, whereas

1



Chapter One Introduction

rectangular openings are provided to accommodate air-conditioning conduits that
are generally rectangular.

1.2 Uses of Arched Beams

1- The principal advantage of arched steel structure is its aesthetic, where it
provides architects and designers with the opportunity to express the wide
variety of forms that can be created, in addition to the exposed steelworks are
an attractive solution as illustrated in Plates (1.1) and (1.2) [5].

i
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Plate (1.1): Arched Steel Beams in Plate (1.2): Arched Steel Beams in
Roof of Retail Centre (image source: Walkway [5]
https://seele.com/references/chadsto

ne-shopping-centre )

2- The arches are used to support bridge decks and roofs. They are varied in
span from a few meters in a roof support system to several hundred meters
in bridges. An example of an arched steel bridge is the Sydney harbour
bridge as shown in Plate (1.3), where its deck is supported by hangers
suspended from the arch for example of bridge decks support [6].


https://seele.com/references/chadstone-shopping-centre
https://seele.com/references/chadstone-shopping-centre
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Plate (1.3): Sydney Harbour Bridge (Image Source:
https://www.britannica.com/topic/Sydney-Harbour-Bridge )

3- Arched steel structures can be designed to provide the users of the structure
with a sense of spaciousness and grandeur in public facilities such as airports,
stations, shopping malls and leisure centers. Also, using the arched frames to
support substantial areas of glazing provides the structure with natural light
and enhance the sense of internal space [5].

4- Arches can enhance the load carrying capacity by stiffening behavior owing
to the membrane action. However, because of the lower values of shear
stresses and bending moments that generated in the arched beam comparing
with the straight beam, it is favorite to use arched girders in structural
purposes [3].

5- Arched beams with cellular openings (arched cellular beams) as shown in
Plate (1.4) are utilized as roof beams with many practical advantages and

architectural-appearance requirements [7].


https://www.britannica.com/topic/Sydney-Harbour-Bridge
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Plate (1.4): Arched Cellular Beam in Public Building ( Image Source:
https://www.steelconstruction.info/Long-span_beams )

6- Two-pinned steel arches (TPSAs) are extensively used in large-span steel

frames as the primary structural members [8].

1.3 Web Openings

Height limitations are often imposed on multistory buildings based on
economic requirement, and aesthetic considerations, including the need to match
the roof heights of existing buildings. Web openings can be used to pass utilities
through beams and thus, help to minimize story height as shown in Plate (1.5). A
decrease in the building height can reduce both the exterior surface and the interior
volume of the building, which lowers the operational and maintenance cost [9]. On
the negative side,  as reported by Lawson (1987) [10], Darwin (1990) [11],
Redwood (1993) [12], and Oehlers and Bradford (1995) [13], the presence of
web openings may have a severe effect on the load carrying capacities of structural
members, depending on the opening size, shape, and location. Certainly, a
significant reduction of the flexural and shear capacity of the beam may occurs if

these openings are unstrengthened [14].
4
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The presence of web openings in steel beams introduces three different modes
of failure at the perforated sections:
e Shear failure due to reduced shear capacity,
e Flexural failure due to reduced moment capacity,
e The “Vierendeel’ mechanism, due to the formation of four plastic hinges in
the tee-sections above and below the web openings under the Vierendeel

action, i.e. transferring of lateral shear force across a web opening [15].

The shape of the web opening depends upon the designer's choice and the
purpose of the opening. The openings may be square, rectangular or circular, and
can be formed as a discrete openings form, or a series of openings along the beam.
If a series of openings are placed too close from each other, the strength may be
greatly decreased [9].

Some procedures and limits were developed to design steel and composite
beams with web opening in accordance with Eurocodes and the UK national
annexes [16], have provided simplified rules for opening design to avoid the

weakness of the beam.
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Plate (1.5): Beam with a Series of Circular Openings [17]

1.4 Objectives of the Present Study

The primary objective of the research program are to study the behavior of
arched steel beams with and without web circular openings, strengthened or non-
strengthened by steel stiffeners. The general goals of this study could be focused
on the following points:

1- Study experimentally the behavior of arched steel beams with openings in
various locations.

2- Examine the effect of openings that are strengthened by steel stiffeners.

3- Uncover the effect of several essential factors on the behavior of arched steel
beam with openings using three-dimensional finite element analysis
(ABAQUS) computer program after verification examples between the
experimental and numerical results of the tested girders
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1.5 Thesis Outline

The outline of the thesis is described as follows:

Chapter One: Introduces the background for the research work and presents the

main objectives of this research.

Chapter Two: Presents a literature survey including the available experimental
and theoretical studies about steel, composite and concrete beams with web

openings.
Chapter Three: Presents the experimental part of the research.

Chapter Four: Gives the results of the experimental test for the arched steel

beams.

Chapter Five: Presents the finite element analysis (FEA) that has been used to
analyze steel beam with openings, results of the numerical analysis, then
comparing the results with the experimental work, and finally creating a parametric

study and discuss its results.

Chapter Six: Provides a summary for the main conclusions of the present work

and recommendations for further work.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction

Arched beams with openings are used as roof beams with many practical
advantages and architectural appearance requirements. In this chapter, a review of
the experimental works and theoretical studies carried out on steel, composite and
concrete beams with openings are presented. Also, a summary for the past studies
on various strengthening methods by steel stiffeners or carbon fiber reinforcement

polymer (CFRP) for steel beams.

2.2 Experimental Investigations

This section reviews the available experimental researches that focused on
strengthened and unstrengthened steel and composite beams with openings in
general and arched beams in particular that are made of concrete or steel to

understand their behavior, with openings.

Clawson and Darwin (1982) presented an experimental study to investigate
the behavior of composite beams with concentric rectangular web openings. Six
composite specimens and one steel specimen were examined. Opening sizes were
fixed with depths of 60 percent of the steel beam depth and lengths equal to twice
the opening depth. Concrete slab dimensions were constant. Opening locations
were varied to investigate moment — shear ratios. The authors concluded that
beams with a high moment — shear ratios failed by general yielding in the steel
below the neutral axis and crushing in the concrete. On the other hand, beams with

medium to low moment — shear ratios failed by the formation of plastic hinges in



Chapter Two Literature Review

the steel below the opening accompanied by a diagonal tension failure in the

concrete slab [18].

Shanmugam and Thevendran (1992) presented an experimental study of
lateral buckling behavior of thin-walled straight steel beams of narrow rectangular
and I-section with web openings and subjected to a single concentrated load. Tests
carried out to investigate the effect of openings on the elastic critical load. The
considered variables were: support conditions, opening size, opening shape,
location and number of openings. The experimental results were compared with
those obtained numerically using the energy approach and good agreement
between the results has been observed. Results also showed that the presence of
openings could reduce significantly the buckling loads of narrow rectangular and I-
section beams containing web openings. However, it depends on the number,
spacing and size of openings. In the case of beams with rectangular cross-section
the drop in buckling load capacity was high when the length or depth of openings
was large [19].

Shanmugam et al. (1995) investigated the behavior of I-section beams arched
in plan. Two different groups of specimens were examined, first group comprising
hot-rolled section beams and the second contained beams of welded sections. The
specimens were tested under a concentrated load applied at a middle section where
the section was laterally restricted. An overall view of the test setup is illustrated in
Figure (2.1). Different values of radius to length of arch ratio (R/L) were studied
by suitably varying the horizontal radius of curved beam. Finite-element analysis
(FEA) was carried out on the tested beams using ABAQUS (1985) and the results
were compared with those obtained from experimental test. The obtained results
showed that the failure load decreases considerably with a decrease in the R/L

ratio. The decrease becomes more significant in the case of the welded section,
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which inhibits higher residual stresses due to the welding process. The (FEA)
results that obtained by ABAQUS software gave a good agreement with the

experimental results [20].
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Fig. (2.1): Details of Test Setup [20]

Lian and Shanmugam (2003) presented experimental tests on plate girders
curved in plan containing centrally placed circular web openings. Girders, built up
of Grade 43A rolled steel plates, were tested to failure. The studied parameters
were the degree of curvature and opening size. For all girders, the overall depth of
the girders was of 583 mm and 2mm-thickness with top and bottom flanges of
width 150 mm and 8 mm-thickness. Test outcomes showed that the failure load of
the girders dropped linearly with the increasing opening size. A decrease in the
failure load with the increase in the degree of curvature was also observed for
curved girders with smaller web openings. The finite element package, ABAQUS
used to analyze the steel girders. Comparison of numerical and experimental
results for failure load values, deflected profiles and load-deflection curves showed

a good agreement [21].

10
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Hamoodi et al. (2009) presented a test to investigate the collapse behavior of
welded steel plate girders contained a circular web opening and loaded in shear.
The circular opening center was concentric with the web panel center, and the
diameter of the opening is 20 % of the web depth. The test outcomes showed that
the presence of opening caused a reduction in ultimate shear load by only 2.8% if

compared with plate girders without web opening [22].

Alzirgany (2010) presented an experimental and theoretical investigation to
study the structural behavior of simply supported straight composite beams. The
beams have been studied under the presence of web openings. In the experimental
work six composite beams were tested under central concentrated load. One beam
was made without any web opening while the others consisted of different number,
locations and shapes of openings as shown in Figure (2.2). The experimental
outcomes showed that the web openings cause a decrease in the strength of
composite beams in the range of 19 to 24% if compared with control beam.
Moreover, significant effects for the location, number and shape of openings took
place after initiation of section yielding. Finite element analysis was carried out to
evaluate the behavior and strength of the tested composite beams utilizing
(ANSYS V 11.0). The results of the finite element model showed good agreement
with the test results [9].

11
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Fig. (2.2): Beams Details of Hamoodi and Hadi [23]

Abdul Gabar (2012) investigated three steel plate girders under shear load.
The reference specimen was without any web opening, while the second specimen
contained central circular web opening with diameter 60% of the web height. The
third girder, on the other hand, was strengthened with strip welded around the
circular web opening. The comparison between the three girders showed that the
reduction in the ultimate shear load capacity for plate specimen with a non-
strengthened opening was 51% and for the specimen with strengthened web

opening was 35% [24].

Ammar and Bashar (2013) presented an experimental and analytical study to
investigate the behavior of reinforced concrete arches with and without openings,
un strengthened and strengthened (externally by CFRP laminates or internally by
steel reinforcement). Twelve reinforced concrete semicircular arches with and
without web openings were tested with cross section of (150x250) mm. The
considered parameters in the test program were: opening location through profile
of arch and presence of internal strengthening by reinforcing steel (stirrups) or
external strengthening by CFRP laminates for openings. Opening locations were in

midspan at angle of 90° (pure bending), at angle of 45° (combined of bending

12
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moment, shear force and axial compressive force) and angle of 15° (zone of axial
compressive force).The experimental results showed an increase in load carrying
capacity for arch containing an opening at the zone of excessive compressive force
(near the support) was 39% and 43% in comparison with (pure bending and
combined of bending, shear force and axial compressive force) zones, respectively.
The external strengthening by CFRP laminates enhanced the general behavior of
strengthened arches in terms of ductility ratio, mode of failure, crack pattern and
ultimate load in comparison with un strengthened arch [3]. Figure (2.3) shows the

geometry details of the tested arch beams.

Stee] Plate of
Thickness 3mm

Steel Plate of 4
T R— Thickness Gmm |
1

Fig. (2.3): Geometry Details of Tested Arches [3]

Al-Saffar (2014) studied the behavior of simply supported straight composite
beams with openings and strengthening by CFRP laminates. The experimental
program included testing nine specimens to observe the effect of openings with
different numbers and locations. Test results showed that the opening decreases the
ultimate load capacity of the beam about 5% to 14% if compared with the control
beam. Utilizing the CFRP laminates to strengthening the beams with openings was

able to delete the effect of openings on the ultimate strength of the beams [25].

13
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Morkhade and Gupta (2015) conducted an experimental investigation on
seven straight hot rolled steel girders of ISMB 100 with web openings to study the
load-deflection behavior. The hot rolled steel beams were simply supported with
web openings and subjected to a concentrated load till to failure. The considered
shapes of openings were circular and rectangular, as shown in Plate (2.1). Results
revealed that the ultimate strength and stiffness reduced with the increase in the
opening size. Furthermore, circular web openings were found to have several
merits upon other shapes of opening, such as lower stress concentration at the

edges of openings, simple to manufacture and architectural appearance [26].

Hydraulic Jack and Load cell

! Dial Gauges for
ateral deflection of
op & bottom flange

ISMB 100 with web openings

3 Dial Gauges Transverse to the bottom flange for vertical deflection

Plate (2.1): Typical View of the Experimental Test Setup [26]

Morkhade and Gupta (2017) presented an experimental study on the
behavior of straight steel I-section beams with different shapes of web openings.
Ten steel beams with different shapes of web openings were tested and a non-
linear finite element (FE) analysis for these beams was conducted in order to
determine the ultimate load capacity and failure modes for comparing purposes.
From the investigation, it can be concluded that circular openings found to be very

useful when compared with the equivalent square or rectangular openings, and the

14
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rectangular openings found to be very critical as it showed very high stress
concentration around the corners’ regions. To avoid this, it is preferable to use
appropriate corner radius equal to five times the thickness of web in beams with

square and rectangular openings [27].

Tudjono et al. (2017) presented an experimental and numerical study on a
castellated straight steel beam of I-shaped with openings as shown in Plate (2.2),
to evaluate the optimum size and shape of opening. An oval shaped web opening
was chosen. The study involved a modification in the variation of oval web
openings both in the horizontal and vertical direction. A numerical study based on
the finite element method conducted by ABAQUS/CAE 6.12 software was used to
analyze the buckling behavior of the web. The obtained results from the
experimental test specimens were in good agreement with the obtained results from
the finite element analysis. It was also concluded that the castellated steel beams
with horizontal oval shaped web opening failed at larger ultimate load capacity

value than castellated steel beam with a vertical one [28].

Plate (2.2): Experimental Test Set up [28]
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Gomes (2017) presented the behavior of steel beams with web openings to
understand the failure by vierendeel mechanism. Two straight I-shaped steel beams
with single rectangular web opening were tested under two-point loads. The first
beam was with non-reinforced web opening while the second beam was with
reinforced web opening by two horizontal stiffeners at top and bottom of the
opening. Numerical models of steel beams and composite beams were also made
using ABAQUS software. The tested beams showed the formation of the four
plastic hinges at the corners of the web hole. This confirms failure happens through
Vierendeel’s mechanism. The reinforcement was also efficient, where it increased

the beam’s loading capacity considerably [29].

Zaher et al. (2018) studied the behavior of arched-shape cellular beams with
two-hinged supports. They aimed to investigate the effects of curvature radii and
cellular web openings. The experimental program comprised four built-up arched
steel beams: one without web opening (solid beam), and three with cellular web
openings. The perforated arched I-section steel beams were tested at the mid-span
of the beam under a concentrated vertical load, as shown in Plate (2.3). The
experimental results showed that a remarkable decrease in the ultimate load

capacity of the cellular beams was recorded if compared with the solid beam [7].
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Plate (2.3): Experimental Test Set up [7]
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2.3 Theoretical Analysis

Shanmugam et al. (2002) presented a finite element model to predict the
behavior and ultimate load of plate girders with web openings. The finite element
package ABAQUS was used to model the plate girders with web openings as
shown in Figure (2.4). The webs, flanges and stiffeners were modelled by eight-
node thin shell elements with reduced integration points using five degrees of
freedom per node. These types of elements are designated as S8R5 in ABAQUS.
The accuracy of the model was assessed by applying it to plate girders tested
earlier by other researchers. The numerical results showed a good agreement
between the finite element and experimental results for yielding patterns, ultimate

load values and load—deflection relationships [30].
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Fig. (2.4): Typical Finite Element Mesh [30]

Prakash et al. (2011) studied the structural behavior of straight steel beams
with single rectangular web opening (the opening was near to the support), with or
without reinforcement. Finite element analysis (FEA) was used to analyze the steel
beams. Various depth to width ratios of openings (0.50, 0.62, 0.75) were studied.
Steel plates were provided around opening, perpendicular to the web in order to
study their effects on the yield and deflection value as shown in Figure (2.5).

Results showed that the rectangular web openings of 0.75 depth to width ratio had
17
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a very high stress intensity compared to the other depth to width ratios of openings
such as 0.62 and 0.50 [31].

Fig. (2.5): I-Section Beam Model in ANSYS 2.2 [31]

Rodrigues et al. (2014) examined the behavior of straight steel beams with
web openings based on finite element simulations calibrated against numerical and
test results of other researchers. The considered variables in the finite element
analysis were: size, location and shape of openings. The study also investigated the
efficiency of longitudinal stiffeners welded at the opening region. The longitudinal
stiffeners were modelled with the geometrical characteristics suggested by Chung
and Lawson [17] and are illustrated in Figure (2.6). The obtained results showed
that using welded longitudinal stiffeners increased the beams ultimate load
carrying capacity. The beams with rectangular openings exhibited the lower
ultimate loads. i.e. 30% less than their equivalent beams with square or circular

openings [32].

=200mm |
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Fig. (2.6): Longitudinal Stiffener Recommendations [17]
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Morkhade and Gupta (2015) carried out an investigation to study the
behavior of straight steel beams with web openings. The study considered the
lateral- buckling capacity of beams with doubly symmetric I-section. The analysis
involved cantilever and simply supported beams with rectangular or circular
openings as shown in Figure (2.7). Numerical simulations were carried out by
using general-purpose finite element software ANSYS as well as SAP 2000. It was
observed that as the location of openings changed from fixed support towards the
free end, the buckling resistance increased, and the out of plane displacement was
going to be decreased. It was also found that circular openings perform better

among all other shapes of openings [33].
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Fig. (2.7): Locations of Web Openings: (a) Cantilever Beam, (b) Simply
Supported Beam [33]
Morkhade and Gupta (2015) presented the behavior of steel I-beams with
rectangular web openings by performing an experimental and parametric study. A
parametric study based on finite element analysis by software (ANSYS) consists of

effect of fillet radius, length to depth (L/D) ratio of rectangular openings, stiffeners
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position around the openings and effect of positions of openings on load carrying
capacities. The results showed that the fillet radius and stiffeners affect the stress

distribution around the corner regions of openings [34].

AL-Khafaji and Al-Abbas (2016) performed a numerical investigation for
the behavior of steel straight beams with opening strengthened using CFRP plates,
by software package (ANSYS V.14.5). The considered parameters were: the shape
and location of the opening and the number of CFRP layers. The obtained
outcomes showed that the ultimate strength reduced with the increase in the area of
the opening. A circular opening in the shear section of the steel specimens resulted
in a lower reduction in the ultimate strength due to the deficient concentration of
stress around the web opening, whereas the specimens with the rectangular
opening produced a smaller ultimate strength [35]. Figure (2.8) shows the finite

element idealization of the steel beam.
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Fig. (2.8): Finite Element Idealization of Steel Beam [35]

El-Dehemy (2017) analyzed a finite element model of IPE 400 steel straight
beam with openings by using ABAQUS software. The research variables were:

different boundary conditions (fixed or hinged supports), number and location of
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opening. The results obtained from the finite element analysis by using ABAQUS
software were very close to the obtained results by Jichkar et al. [36]. Indeed, the
deflection value of the straight steel beam increased with increasing of openings
number [37].

Mubarak and Ali (2018) presented a nonlinear analysis study to investigate
the behavior and performance of arched reinforced concrete beams with openings
in different locations along the beam at degrees of 15°, 30°, 45°, 67.5° and 90°. For
the analysis purposes, ANSYS V.16.0 software was used. Results showed that the
ultimate capacity of the beams decreased when the location of the opening changed
from 15° to 45° and returned to increase when the location of the opening changed
from 45° to 90° [38]. Figure (2.9) shows the finite element model for the studied

specimens.

Fig. (2.9): Finite Element Model for the Arched Beam [38]

Al-Abbas et.al (2019) conducted a study on the shape modes behavior of steel
IPE300 beams contained square and hexagonal openings. A 3D numerical model
was prepared by finite element software (ABAQUS) to investigate the behavior of
castellated IPE300 section under different mode shapes. The obtained results

indicated that a significant reduction in frequency due to decreasing in lateral
21
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flexural stiffness of the steel beams for the mode shape of lateral bending of all

castellated beam. Generally, hexagonal web openings were caused larger

increasing in stiffness than square openings by about a 28% with respect to the

strong bending mode [39].

2.4 Summary

From the previous review of studies that carried out on steel, composite and

concrete beams with web openings and the parameters described in this chapter

included location, shape, number, size of the openings and opening strengthening;

several points could be concluded:

1.

The existence of opening through the web of beams whether it was a straight
or curved beam, decreases the ultimate load capacity as well as the stiffness
of the beam.

Opening with rectangular shape had a larger effect than a circular opening
due to the high-stress concentration on the opening corner.

Increasing the opening area leads to a decrease in the ultimate strength, in
addition to a reduction in the stiffness of the beams.

There were many techniques of strengthening in the literature, and
approximately all the studies showed that utilizing CFRP plate in enhancing
the region of the openings was the most effective strengthening method,
which can generally decrease the beam deflection, increase the ultimate
strength and change the mode of failure.

Increasing the beam curvature improves the load carrying capacity because
of the relatively lower values of the tensile stresses and bending moments
generated in the arched beam compared with the straight beam. Thus, it is
favorable to employ arched beams for structural purposes.

Based on the literature review mentioned above, there was truly a few

numerical and experimental studies carried out on the behavior of arched steel
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beams with an opening. Hence, to filling this shortage in the scientific field; the
present research will be investigating the overall behavior of arched steel beams
with and without opening. The research will be implemented experimentally
and numerically using a three-dimensional finite element method (ABAQUS

ICAE 2017).
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CHAPTER THREE
EXPERIMENTAL PROGRAM

3.1 Introduction

The experimental work was conducted in the materials laboratory at the
University of Kerbala. The main object of the experimental work of this research
was to study the behavior of arched steel beams with openings in various locations
and the effect of strengthening process using steel stiffeners. This chapter also
included a description of the specimens, properties of the used materials, and

testing process.

3.2 Description of the Specimens

The experimental program involved manufacturing and testing of seven
simply supported arched steel beams. All beams have the same radius, span, cross-
section (I-section) and they were tested under the same load type and boundary
conditions. The steel beams were built-up from steel plates, in which the width and
thickness of the flange plates were 80 mm and 5 mm respectively, while the height
of the web plates was 150 mm with 4 mm thickness. The span of all arch
specimens was (1049 mm) calculated between two supports and the arch rise was
(420 mm), with radii and angle of (537.3 mm) and (154.8°) respectively, measured
to the centerline of the arch. One of these specimens, which was without opening,
marked as reference beam while the other six specimens were divided into two
groups as follow:

Group (1): consists of three arched beams with different numbers and locations of

circular openings.
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Group (2): consist of three arched beams with circular openings, same as those of
group (1) with strengthening by steel stiffeners.

The diameter of web circular openings was 80 mm (50 % beam depth) for all
specimens. The details of all specimens are given in Table (3.1) and shown in
Figure (3.1) and Figure (3.2).

Table (3.1): Details of the Tested Specimens

Group Reference Group (1) Group (2)
beam

Name of AR AMO | AEO | AEMO | AMOS AEQOS AEMOS
Specimen
L ocati f At At At At Atedges | Atmiddle and

ocation 0 - middle | edges | middle | middle edges

opening

and
edges
Numb_er of _ 1 5 3 1 5 3
openings
2 of 5mm | 2 of 5mm 2 of 5mm

thickness | thickness thickness at

at 80mm at 80mm 80mm from
Strengthening

_ _ _ _ from from middle
using vertical opening | stiffener | opening edges
steel edges on under and 2 of 5mm
stiffeners two sides | loading thickness at
points on 80mm from
two sides | stiffener under
loading points
on two sides
Where,

AR: Arch reference (control), AMO: Arch with middle opening, AEO: Arch with edge
openings, AEMO: Arch with edge and middle openings, AMOS: Arch with middle opening
strengthened by stiffeners, AEOS: Arch with edge openings strengthened by stiffeners,
AEMOS: Arch with edge and middle openings strengthened by stiffeners.

25




Chapter Three Experimental Program

80mm

»

4 5mm

150mm

el

4mm

Fig. (3.1): I-Steel Section Properties

/"/.- 50mm \

)

| =

Steel plate

(3 ﬂmmh
- |

1049mm

(@AR

Fig. (3.2): Details of Tested Specimens
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Fig. (3.2) Details of Tested Specimens

(continued)
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3.2.1 Stiffeners

Two vertical stiffeners of 5 mm thickness were prepared under each of loading
points, and one horizontal stiffener of 5 mm thickness was put near each support at
two sides of beam to prevent the local buckling failure and yield of steel at loading
points and supports. The details of stiffeners used in group (2) to strengthening
specimens were as follow:

AMOS: two vertical stiffeners of 5 mm thickness at h/2 from the opening edges at
two sides of the beam.

AEOQS: two vertical stiffeners of 5 mm thickness at h/2 from the loading points at
two sides of the beam.

AEMOS: two vertical stiffeners of 5 mm thickness at h/2 from the middle opening
edges and two vertical stiffeners of 5 mm thickness at h/2 from the loading points
at two sides of the beam, where h represented the overall depth of beam section.

Stiffeners details were described briefly in Figure (3.2).

3.2.2 Support

All tested arches were simply supported as shown in Figure (3.3). The pin
support consisted of two parts; the first part was a steel plate of 30 mm thickness
welded to the edge of the beam and contained a slot of 20mm depth while the
second part was a plate of 20mm installed on the base of the hydraulic testing
machine and welded on it a smooth steel shaft of 30 mm diameter to combine in
the slot . The roller support also consists of two parts; the first part was a plate of
30 mm thickness connected to another edge of the beam and the second part was a
free smooth steel shaft of 30 mm diameter putted freely at the hydraulic testing
machine to allow moving. Figure (3.3) illustrates detailly the boundary conditions

of the tested specimens.
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Fig. (3.3): Boundary Condition Details

3.3 Fabrication Process
3.3.1 Preparing of Flanges and Webs

The flanges and webs of all arched beams were cut off from 5 mm and 4 mm
thick plates, respectively. The webs of the beams were cut from the plates in a
curved form, and then the flanges were welded to the arched web. Circular
openings of 80 mm diameter were created in its specified locations. A cutting
machine was used to cut all parts of the arched steel beams (webs, flanges,
openings, and stiffeners) as shown in plate (3.1). The cutting process was
controlled by computer numerical control (CNC) to achieve high accuracy in the
required dimensions. The arched flanges were formed by bending (curving) the
straight flanges plates to satisfy the desired arched shape, this process was carried

out by using roller machine as shown in plate (3.2).
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(a) Flange Plate Cutting (b) Web Plate Cutting
Plate (3.1): Preparing of Flanges and Webs

Plate (3.2): Rolling Machine

3.3.2 Welding Process

In order to combine different parts of the built-up steel arched-beams, manual
fillet welds were used to have full strain compatibility between the parts in the

steel beam. The welding procedure was carried out as follows:
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1. Plates of two flanges were spot welded to the web at distance of 300 mm

between two adjacent welding spots.
2. Bottom flanges were welded first to the web, then top flanges.

3. For both bottom and top flanges, the process of welding was carried out

by welding from the edges to the middle.

These welding procedures was utilized to decrease shrinkage strains and

their related stresses. Plate (3.3) illustrates procedures of the welding process.

Plate (3.3): Welding Process
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3.4 Instrumentation and Test Procedure

Tests were performed on the beams up to failure by using hydraulic testing
machine with ultimate capacity of 2000 kN. The machine is available in the
materials laboratory of the Civil Engineering Department / College of Engineering
at the University of Kerbala as shown in Plate (3.4) and plate (3.5).

Plate (3.4): Installation of Beam Plate (3.5): Hydraulic Testing Machine

Two different devices were used for measuring the central deflection to ensure
the validity and accuracy of measurements, the first one was a dial gauge with an
accuracy of 0.01 mm, while the second device was an LVDT, which was linked to
a computer, as illustrated in Plate (3.6). Another LVDT was used to measure the

horizontal displacement in the end of arched beam at the roller support as shown in
Plate (3.7).

32



Chapter Three Experimental Program

.

Plate (3.7) LVDT to Measuring Horizontal Displacement

All arched steel beams were tested under a two-point concentrated loads as
shown in Plate (3.8). The load has been applied progressively up to the failure of
the specimen. The applied load increments were initially 10 kN which were then
reduced to 5 KN before failure. The load level and the corresponding readings of

deflections were measured and recorded at the end of each loading increment.
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During testing, the flanges and web of the beam were carefully inspected for

developing buckling as shown in Plate (3.9).

Plate (3.9): During the Test

3.5 Tensile Testing of Steel Plates

In order to find the properties of the steel plates that utilized in manufacturing

arched beams, tensile testing was conducted in Al-Qadisiyah University / College
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of Engineering. Three tensile coupons were cut from the 5 mm and 4 mm thickness
flange and web plates, respectively. The measurements of the coupon
corresponded to the ASTM-A370 [40] for the tensile testing of steel products,
based on a length of 200mm, Plate (3.10) shows the specimens used in the tensile
testing. The values of the yield stress, ultimate stress, and modulus of elasticity are
presented in Table (3.2).

Table (3.2): Steel Plate Properties

Plate Fy Es* Fu
thickness | (N/mm?) | (N/mm?) | (N/mm?)
(mm)

4 333 200000 375

5 340 200000 390

*assumed value

Plate (3.10): Tensile Testing Specimens
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CHAPTER FOUR

EXPERIMENTAL RESULTS AND
DISCUSSIONS

4.1 General

In this chapter, the experimental obtained results for the tested arched steel
beams are presented. The primary objective of the present work is to study the
behavior of steel arched beams with different number of openings in various
locations and strengthened by using steel stiffeners. The effect of these variables
was reviewed and discussed in term of the load- vertical deflection behavior at
midspan, load- horizontal displacement behavior in edge of beam at roller support,

ultimate load capacity and failure modes for all tested beams.

4.2 Experimental Results for the Tested Beams

In the following sections, the behaviors of the tested arch beams are
explained and discussed. Each data of tested beam was observed from the

beginning of the test until failure.

4.2.1 AR Beam (control beam)

Beam AR was fabricated without web opening as a reference beam to
investigate the behavior of steel arched beam under incremental load. As the load
increased to (138) KN, which corresponds to nearly (86 %) of the failure load,
local buckling at the top flange was observed due to yielding the arched steel beam
at the maximum bending moment section, as shown in Plate (4.1). At failure,
excessive deformation was recorded at the mid-span and at the roller support at a
load of 160 KN.
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Plate (4.1): Failure Mode of Beam AR

The load- vertical mid span deflection and load-horizontal displacement are
shown in Figure (4.1), where the elastic stage exhibited a linear behavior until the
appearance of the first yielding at (138) kN. Increasing the applied load led to a

slight increase in the deflection until the failure.
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4.2.2 Group One (Beams with Non-Strengthened Openings)
4.2.2.1 AMO Beam

Beam AMO contains one opening of 80mm diameter (equal to 50% of the
beam depth), at mid span of web. Local buckling occurred at an applied load
equals nearly to (128) kN, which is about (91%) of the ultimate load. The local
buckling appeared at maximum bending moment section in the top flange due to
steel beam yielding, as shown in Plate (4.2). Beam AMO failed in flexural after
applying a load reached to (140) kN. It shows that there is a decrease of about
(12.5%) in the ultimate strength compared with the beam AR control. This

difference is due to the effect of the opening at the middle web.

Plate (4.2): Failure Mode of Beam AMO

Figure (4.2) shows the load-vertical mid span deflection and load-horizontal
displacement curves, which revealed a linear behavior at the early stage of the
loading until the local buckling occurred, that took place after applying about (128)
KN. After the elastic stage, the load-deformation curves exhibited a slight increase
in the deformation. The maximum horizontal and vertical deformations displayed
reductions by about (33% and 31%), respectively, in comparing with AR beam.

Furthermore, the ductility index value of AMO reduced to a value 1.61 if
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compared with the ductility index value of AR, which was 2 as shown later in

Table (4.1) due to effect of middle opening.
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4.2.2.2 AEO Beam

Beam AEO contained two openings with a diameter to height ratio of 0.5, and
located near the supports of the specimen. During loading, a local buckling
occurred in the top flange at a load level of (130) kN, this was (90 %) of the
ultimate load as shown in Plate (4.3). For this test, the ultimate load was (145) kN,
where it shows that there is a reduction by about (9 %) in the ultimate load
compared with the control beam AR. Also, it can be seen from Table (4.1) that
there were reductions in the horizontal and vertical maximum deformation values
by about (9% and 19%) respectively, when compared with AR beam. The results
also showed that the effect of the edge openings on ultimate strength was lower
than that of the middle web opening (Beam AMOQO) with same opening size because
of small values of bending moment and shear force at the edges of the arched beam

(see Appendix-B).

Plate (4.3): Failure Mode of Beam AEO

The load-vertical deflection curve at the mid-span and the load-horizontal
displacement curve at the roller edge for AEO are shown in Figure (4.3), which
displayed a linear relationship that is similar to the control beam (AR) with first
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yielding at (130) kN. Indeed, the ductility index reduced and its value was 1.64 if
compared with AR.
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4.2.2.3 AEMO Beam

Beam AEMO contained three web openings with a diameter of 80 mm (equal
to 50 % of beam depth), in which one opening was at the mid span and the others
two were at the edges. As the load increased, to (126) kN, which is nearly (91%) of
the failure load, flange local buckling occurred at the maximum bending moment
section in the top flange as shown in Plate (4.4). Finally, a flexure failure at a load
of 139 kN occurred, which caused a reduction ratio in the load-carrying capacity
by about 13% if compared with the reference beam AR. Furthermore, the
maximum horizontal and vertical deformations reduced by about (33%, 32%),

respectively when compared with AR beam.

Plate (4.4): Failure Mode of beam AEMO

Figure (4.4) displays the load-deformation curves at the mid span and at the
roller edge of AEMO. Furthermore, the ductility index value reduced to a value of

1.38 if compared to AR, due to the presence of the openings.
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4.2.3 Group Two (Beams with Strengthened Openings by Steel

Stiffeners)
4.2.3.1 AMOS Beam

Beam AMOS buildup same beam AMO but it was contained strengthened
opening using steel stiffeners as shown in Plate (4.5). As the load increased to
(132) kN, which is nearly (92%) of the ultimate load, the first yielding of the steel
beam occurred and local buckling happened in top flange at the maximum bending
moment zone as illustrated in Plate (4.5). Beam AMOS failed at an applying load
of (144) kN because of flexural failure. To compare this beam with another types
of beams, let take two beams; the first beam without openings AR (control beam),
where the reduction was about (10%) in its ultimate strength and about (28%) in
horizontal and vertical maximum deformation values. The second beam is AMO
which contained a non-strengthened middle opening (AMO), where a small
increase of about (3%) in its ultimate strength compared with the beam AMO due

to the effect of stiffeners.

Plate (4.5): Failure Mode of Beam AMOS
The load- deformation curves for AMOS is shown in Figure (4.5), which
exhibited a linear behavior at the elastic stage until the first change in the slope that

occurred at the first buckling load. Beyond the elastic phase, the non- linear
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behavior stage began. Moreover, the ductility index value of this beam reduced to

1.88 if compared with AR.
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4.2.3.2 AEOS Beam

Beam AEOS contained two-edged web openings near the supports, which is
the same as beam AEO except the strengthening by steel stiffeners. During
loading, a local buckling in the top flange occurred at the load of (133) kN, this
was (90%) of the ultimate load as shown in Plate (4.6). Beam AEOS failed at an
applying load of (147) kN, which means that there is a reduction of about (8%) in
its ultimate strength. Indeed, there were decreases by (9% and 12%) in horizontal
and vertical maximum deformation values compared with the control beam AR
due to the effect of openings. Furthermore, there was a slight increase by about

(1%) in its ultimate strength compared with beam AEO.

? b | Local puckling
n: |

Plate (4.6): Failure Mode of Beam AEOS

The load- deformation curves for AEOS are shown in Figure (4.6), which
revealed a linear behavior at the first phase of loading, similar to control beam.
After exceeding the elastic phase, the slope of the curve started to variate and a

slight increase in the deformation has been occurred. Furthermore, the ductility
47



Chapter Four Experimental Results and Discussion

index value of AEOS was (1.76) if compared to AR, which has a ductility index
value of (2).

180

160

140 o

—
120 / -

100 /

20

Applied Load (kN)

20 —

0 | | | | |
0 2 4 & 8 10 12 14 16 18

Vertical mid-span deflection (mm)
(a) Load-Vertical Mid Span Deflection Curve

180

160

140 —
120 /

=
S
2 100 /
o
—
= ]
@ 80
=
= 60 -
< /
40 / |
20 —
0 | | | | |
0 2 4 6 8 10 12 14 16 18

Horizontal Displacement (mm)
(b) Load-Horizontal Displacement Curve

Fig. (4.6): Experimental Load- Deformation Curves of (AEOS)
48



Chapter Four Experimental Results and Discussion

4.2.3.3 AEMOS Beam

Beam AEMOS contained three web openings, one opening at middle of beam
and two at its edges, similar to beam AEMO, except the strengthening by stiffeners
to the openings. The local buckling in this beam occurred when the applied load
was (128) kN, which is about (90%) of the ultimate load. The local buckling
happens due to yielding of the steel arched beam in top flange at maximum
bending moment zone as shown in mode of failure in Plate (4.7). Beam AEMOS
failed after applying a load of (142) kN, which refers to a reduction of nearly
(11%) in its ultimate strength compared with the control beam AR and increasing
of about (2%) in its ultimate strength compared with the AEMO. This result shows

that the stiffeners made a small improvement on the behavior of beam AEMO.

Plate (4.7): Failure Mode of Beam AEMOS

The load-deformation curves shown in Figure (4-7) referred to a linear
relation up to first yielding of the steel section, which took place after applying
(128) kN. Furthermore, the horizontal and vertical maximum deformation values
decreased by about 29% when compared with reference beam AR. Indeed, the

ductility index value reduced to 1.72 if compared with AR.
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4.3 Discussion and Summary of the Experimental Results

In Table (4.1), a summary for the experimental results of all tested steel

arched beams was given, which includes the yielding load, failure load, yielding

deflection, maximum deflection, maximum horizontal displacement, ductility,

failure mode and comparisons between the beams in ultimate load and maximum

deformations.

Table (4.1): Summary Results of the Experimentally Tested Beams

Group Reference Group one Group two
beam
Beam AR AMO AEO AEMO | AMOS | AEOS | AEMOS
Yielding load (Py) (kN) 138 128 130 126 132 133 128
Ultimate load (Pu) (kN) 160 140 145 139 144 147 142
Comparison |  With AR _ -12.50% | -9.38% | -13.13% | -10.00% | -8.13% | -11.25%
in ultimate
load Strengthened
VS _ _ _ _ +2.86% | +1.38% | +2.16%
unstrengthen
Yielding deflection at mid- 5.38 4.60 5.28 5.34 4.10 5.35 4.44
span (Ay) (mm)
Vertical
Maximum deflection 10.78 7.43 8.70 7.38 7.74 9.45 7.66
deformation (Av)
(mm) Horizontal
displacement 16.02 10.71 14.56 10.70 11.46 14.61 11.38
(Ah)
Decrement Vertical _ 31.07% | 19.29% | 31.54% | 28.20% | 12.33% | 28.94%
ratio in deflection
maximum (Av)
deformation | Horizontal _ 33.14% | 9.11% | 33.20% | 28.46% | 8.80% | 28.96%
compared | displacement
with AR (Ah)

Ductility (Av /Ay) 2.00 1.61 1.64 1.38 1.88 1.76 1.72
Local Local Local Local Local Local Local
flange flange flange flange flange flange flange

Mode of failure buckling | buckling | buckling | buckling | buckling | buckling | buckling
+ steel + steel + steel + steel + steel + steel + steel
yieldat | yieldat | yieldat | yieldat | yieldat | yieldat | yield at

midspan | midspan | midspan | midspan | midspan | midspan | midspan
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It can be seen from Table (4.1) that beams (AMO) and (AEMO) in group one
recorded the largest reductions in ultimate load capacity by about (13%) if
compared with the control beam (AR) due to the existence of opening in the mid-
span of the beams at maximum bending moment zone. It can also be observed
from Table (4.1) that the using of stiffeners led to a slight increase in the failure
load of the arched specimens by about (1% -3%). It can be concluded from these
results that the stiffeners have added a marginal improvement to the behavior of
arched beams. All the arched beams as indicated in Table (4.1), had the same
mode of failure which was local buckling and yielding at top flange in midspan of

the beam at maximum bending moment zone.
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CHAPTER FIVE
FINITE ELEMENT ANALYSIS

5.1 Introduction

The aim of this chapter is to make a comparison between the results obtained
from the experimental analysis and finite element analysis, to ensure the
appropriateness of materials properties, elements type, and convergence criteria of
the program. This can give a confidence to study extra parameters that are not
included in experimental program. Powerful nonlinear finite element package
(ABAQUS/Standard 2017) has been employed to analyze the experimentally tested
specimens in chapter four, and to study other new variables that may affect on the

total behavior of the beams.

5.2 Description of Finite Element Analysis (FEA)

This section presents a description to the geometry of the tested beams,

loading and boundary condition used in the current study.

5.2.1 Modelling of Arched Steel Beam

To simulate the steel arched beam, the same geometry, material properties,
loading and boundary condition used in the experimental program were utilized in
the finite element modelling. The steel can be considered as a homogeneous
material that exhibits a similar stress-strain relationship in tension and
compression. The finite elements models depend mainly on the input suitable
material properties to achieve efficient and accurate results. The material properties
were determined through coupons tensile test as explained in chapter three. These
properties are used in all beams’ models. Material properties obtained from tests
and the nonlinear solution parameters adopted in the present analyses are given in

Table (5-1).
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Table (5-1): Steel Properties Adopted in the Analyses

Density (ton/mm3) 7.9x107°
Elastic phase
Young’s modulus (MP) 200000
Poisson’s ratio 0.3
Plastic phase
Yield stress Fyf 340
(MP) Fyw 333

S4R element (a 4-node thin shell element with reduced integration) was used
for modeling the steel material of all numerical specimens. In general, the
modelling of the I-section arched beam involved six parts. These parts were: top
flange, web, bottom flange, plates of supports, angles for loading and stiffeners.
Every part was drawn alone, and then they were assembled to form the specimen
model. After the assembly step, parts must bond with each other [41], where the all
parts of the arched beams were connected together by tie constraint. Figure (5.1)

shows the parts arrangement for the tested beams.

Steel angles
for loading

Top
flange

Fig. (5.1): The Assembled Parts of the Steel Arched Beam
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5.2.2 Loading and Boundary Conditions
In the numerical study, the loads were applied on each tested beam by two
points. Two steel angles located at the top flange to transform the loads to the

tested beam, as illustrated in Figure (5.2).

kXN

Fig. (5.2): Distribution of Applied Load on Steel Plates

Displacement of the boundary condition was used to constrain all steel arched
models to obtain the appropriate solution. All models were constrained in the z-
direction, y-direction and x- direction (Uz= Uy= Ux= 0) at the hinge support, while
constrained in the z-direction and y- direction (Uz= Uy= 0) at the roller support, as

illustrated in Figure (5.3).

(@)

Fig. (5.3): Boundary Conditions of the Hinge and Roller Supports (a) Hinge
Support, (b) Roller Support
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5.3 Convergence Study

The mesh size selection is an essential step in finite element modelling.
Adequate attempts for different mesh sizes were carried out to decide the best
element size that gives the desired accuracy. Various convergences were achieved
when beam is divided into different numbers of elements. For this purpose, and in
the current FEA, a convergence study was made to obtain a suitable mesh size. The
convergence study was implemented by choosing the element sizes of the model
(AR) (40, 20, 15 and 10 mm), as shown in Figure 5.4. It can be seen from the
convergence study that the ultimate load capacity and the maximum deformation
values become close to those corresponding in the experimental work for the
control beam as the mesh size decreased to 15 as shown in Table (5.2). For that
purpose, a (15 mm) mesh size was selected for all the tested beams. Figure (5.5)

shows the changes in the load- deformation behaviors with varying mesh sizes.

Table (5.2): Effect of Mesh Size on the Ultimate Load and Maximum
Deformations

Maximum Deformation (mm)

Mesh Ultimate : :
size Horizontal Vertical
(mm) L Displacement Deflection

EXP. FEA. EXP. FEA. EXP. FEA.
10 160 151.87 16.02 13.25 10.78 6.97
15 160 153.36 16.02 15.99 10.78 8.54
20 160 153.75 16.02 19.74 10.78 14.10
40 160 153.00 16.02 29.30 10.78 16.72
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Case No. 1: mesh 40 mm

Case No. 2: mesh 20 mm

Case No. 3: mesh 15 mm

Case No. 4: mesh 10 mm

Fig. (5.4): Finite Element Mesh Density
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Fig. (5.5): Effect of Mesh Size on Load- Deformation Curves

5.4 Comparison between FEA and Experimental Results

In this part, The FE analysis results includes the load-deformation behavior,
failure loads and maximum deformations, which will be compared with the results

of the experimental work.

5.4.1 Load-Deformation Behavior and Deflected Shapes

Figures (5.6) to (5.12) present a comparison between the numerical and
experimental load-deformation relationships in which the deformation are
measured vertically at the middle web and horizontally at roller support for all
tested specimens. The comparison revealed the validity of the numerical results
obtained from the ABAQUS program by display a reasonable convergence with
the experimental outcomes that were already discussed in chapter four. Plates (5.1)
to (5.7) display the experimental and numerical deflected shape for the tested

arched beams at failure stage.
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Plate (5.1): Experimental and Numerical Deflected Shape for Beam (AR) at
Failure Stage
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Fig. (5.6): Experimental and Numerical Load-Deformation Curves of (AR)
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Plate (5.2): Experimental and Numerical Deflected Shape for Beam (AMO)
at Failure Stage
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Fig. (5.7): Experimental and Numerical Load-Deformation Curves of
(AMO)
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Plate (5.3): Experimental and Numerical Deflected Shape for Beam (AEO)
at Failure Stage
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Plate (5.4): Experimental and Numerical Deflected Shape for Beam (AEMO)
at Failure Stage
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Fig. (5.9): Experimental and Numerical Load- Deformation Curves of (AEMO)
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Plate (5.5): Experimental and Numerical Deflected Shape for Beam (AMOS)
at Failure Stage
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Plate (5.6): Experimental and Numerical Deflected Shape for Beam (AEQOS)
at Failure Stage
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Plate (5.7): Experimental and Numerical Deflected Shape for Beam
(AEMOS) at Failure Stage
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5.4.2 Maximum Deformation and Failure Loads

A comparison has been made between the numerical values of the ultimate
load capacity and maximum deformations that resulted from ABAQUS program,
with those obtained experimentally, as given in Table (5.3). It can be observed that
a reasonable agreement was obtained between the numerical and experimental
results with slight difference. Thus, several variables that may affect the behavior

of steel arched beams will be investigated.

Table (5.3): Experimental and Numerical Results of Tested Arched Specimens

Maximum deformation (mm)
Ultimate load _ _ _
(kN) Mid-span vertical horizontal

% deflection (mm) | displacement (mm)
S I < © o © o
= — X — > — =
2 5|3 |88 (2|8 |§B |3s |B
» |E g |5 |E T | & |E g | &
212 |€ |8 |2 |€ & |2 |2
X x x
N O W o N a
AR 160 | 153.3 [ 4.18 | 10.78 | 8.54 | 20.77 | 16.02 | 15.99 | 0.18

AMO |140|142.2 157 | 7.43 |5.64|24.09|10.71|10.22 | 4.57

AEO |145|151.2|4.27| 8.70 |7.43|14.60|14.56 | 14.13 | 2.95

AEMO |139|141.8|2.01| 7.38 |5.57|24.52|10.70|10.20 | 4.67

AMOS |144|142.70.90 | 7.74 | 5.66 | 26.87 | 11.46 | 10.25 | 10.55

AEOS |147|152.0|3.40| 9.45 | 7.46|21.05|14.61|14.18| 2.94

AEMOS | 142 | 142.310.21| 7.66 | 5.61 | 26.76 | 11.38 | 10.23 | 10.10
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5.5 Parametric Study

Some of the selected parameters are decided to be studied in the numerical
application by ABAQUS program to show the effect of these parameters on the
overall behavior of the steel arched beam with or without an opening under the
effect of two-point loading. The selected parameters to be studied in this chapter
could be summarized as follows:

1

2

Effect of opening (s) diameter.

Effect of openings number.

w
1

Effect of opening (s) shape.

SN
1

Effect of steel yielding stress (fy).

(@]
1

Effect of adding stiffeners.

(@]
1

Effect of arched beam radius.

\l
1

Effect of the support type.

(00)
1

Strengthening effect using stiffeners around opening.
5.5.1 Effect of the Opening Diameter.

In order to investigate the effect of circular opening with various diameters on
the load-deflection relationship, ultimate load, and maximum deflection of steel
arched beam, two opening’s locations were selected with different
(diameter/depth) ratios: 31.3 %, 46.8 %, 62.5 % and 78.1 % with diameters of (50,
75, 100 and 125 mm) respectively. The first location was in the mid-span of web of
the arched beam, while the second was near to the supports of the beam. The load-
vertical midspan deflection curves shown in Figures (5.13) and (5.14) revealed the
effect of the diameter change. It can be seen from Figure (5.13), that the beams
had a small difference in the behavior within the elastic range for all
(diameter/depth) ratios. As the load increased, the beams with higher

(diameter/depth) ratio showed lower stiffness, and the difference between the
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curves become obvious as the load increases. Generally, with the increase in the
diameter of the opening, a reduction in the ultimate load occurred. Furthermore, it
can be noticed from Figure (5.14) that the curves of beams with edge openings of
diameters (50 mm,75 mm and 100 mm) showed identical stiffness and no
distinctive difference with stiffness of the beam without opening, while a
remarkable difference was noticed in the load- deflection response for the beam
with a diameter of (125 mm) in addition to a significant reduction in the ultimate
load. This indicates that the arched beam with two edge openings near the supports
has not been clearly affected by the opening diameter before 125 mm due to the
small values of bending moment and shear force at the edges of the arch (see
Appendix-B). Table (5.4) shows the ultimate load and maximum deflection values
for the arched beams with midspan opening and beams with edge openings, with

various diameters.
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Fig. (5.13): Effect of Opening Diameter on Load- Midspan Deflection Curve
for Beam with Middle Opening
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Fig. (5.14): Effect of Opening Diameter on Load- Midspan Deflection Curve
for Beam with Edge Openings

Table (5.4): Ultimate Load and Maximum Deflection Values for Arched
Beams with Circular Openings of Different Diameters

Opening | Ultimate | Decrement | Maximum | Comparison
diameter load ratio in deflection in
Beam (mm) (KN) ultimate (mm) maximum
load (%) deflection
(%)
Beam without - 153.36 - 8.54 -
of opening
50 149.54 2.5 6.66 -22.0
Beam of 75 143.71 6.3 5.69 -33.4
middle 100 134.49 123 5.11 -40.2
Opening 125 120.88 21.2 4.14 -51.5
50 153.36 0 8.67 1.5
Beam of edge 75 152.14 0.8 8.19 -4.1
openings 100 151.13 15 7.41 -13.2
125 114.12 25.6 5.55 -35.0
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5.5.2 Effect of the Opening Shape

To study the effect of the opening shape on load-deflection behavior of steel
arched beam with midspan web opening and arched beam with edge openings, five
shapes were considered (i.e. circle, hexagonal, square, triangular and rectangular)
with constant area for all openings of 7850 mm?, Figure (5.15) shows all opening
shapes that used in this study. For the rectangular shape, four height to length
ratios were selected: [1:1.27 (78.5 mmx100 mm), 1:1.83 (65.416 mmx120 mm),
1:2.49 (56.071 mmx140 mm) and 1:3.26 (49.063 mmx160 mm)]. It can be seen
From Figure (5.16) that the beams with middle web opening of shapes (circular,
square, hexagonal and rectangular) had identical stiffness, while the beam with
triangular middle opening had a significant difference in load- deflection curve
comparing to other shapes because of arrival large areas of top flange to yielding
when compared to other opening shapes at the same load value (see Appendix-c).
It can be concluded from Figure (5.17) that the beam with edge openings did not
affect by the opening shapes. Table (5.5) illustrates the effect of opening shapes on

the ultimate load and maximum deflection values.

Fig. (5.15): Opening Shapes Investigated in Numerical Study
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Fig. (5.16): Effect of Opening Shape on Load- Midspan Deflection Behavior of
Arched Beam with Middle Opening
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Fig. (5.17): Effect of Opening Shape on Load-Midspan Deflection Behavior of
Arched Beam with Edge Openings
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Table (5.5): Effect of Opening Shape on the Ultimate Strength and Maximum

Deflection
Location | Opening | Dimension | Ultimate | Decrement | Maximum | Comparison
of shape (mm) load ratio in deflection | in maximum
opening (KN) ultimate (mm) deflection (%0)
load (%)
Without - - 153.36 - 8.54 -
opening
Circular D= 100 134.49 12.3 511 -40.2
Hexagonal S=54.96 135.5 11.6 4.77 -44.1
Triangular | B=134.64, 134.2 125 11.22 31.4
h=116.6
Middle of |  square |.=88.6 135.64 11.6 5.54 -35.1
the web | Rectangular | B=100, 137.88 10.1 5.79 -32.2
h=78.5
Rectangular B=120, 139.17 9.3 7.54 -11.7
h=65.416
Rectangular B=140, 138.38 9.8 8.08 -54
h=56.071
Rectangular B=160, 137.59 10.3 9.15 7.1
h=49.063
Circular D= 100 151.13 15 7.41 -13.2
Hexagonal S=54.96 152.05 0.9 7.74 -9.4
Triangular | B=134.64, | 151.05 15 7.59 -11.1
h=116.6
Edges of Square | =88.6 151.62 1.1 8.25 -3.4
the web | Rectangular | B=100, 151.41 1.3 7.65 -10.4
h=78.5
Rectangular B=120, 151.51 1.2 7.43 -13.0
h=65.416
Rectangular B=140, 151.50 1.2 7.57 -11.4
h=56.071
Rectangular B=160, 151.49 1.2 7.25 -15.1
h=49.063

5.5.3 Effect of the Openings Number

To study the influence of openings along the arched beam on the load-

deflection behavior, six cases with different numbers of openings with diameter of

(80mm) were investigated along the path of arched beam. These cases were: one

opening at mid-span, two openings at edges of beam, three openings; one at mid-

span and two at the edges, four openings; two at mid-span and two edge openings,
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five openings; one at mid span and two near to the points of loading and two at
edges, finally six openings; two at mid-span and two near to point-loads and two
at edges. It can be concluded from Figure (5.18) that the ultimate load capacity
reduced by (7.27%) of beam with one middle opening, if compared with arched
beam without opening, while the presence of two openings at the edges of the
beam had a lower effect on the ultimate load. Thus, identical curves for the arched
beams with one, three and four openings were observed (see Figure (5.18)). On
the other hand, the arched beam models that contained five and six openings were
recorded as the critical cases due to the presence of two openings at the maximum
shear zone. Table (5.6) illustrates the ultimate load capacity and maximum
deflection values for arched beams with various numbers of openings along the

beam.
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Fig. (5.18): Effect of Openings Number on Load-Midspan Deflection
Behavior
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Table (5.6): Ultimate Load and Maximum Deflection Values for Arched
Beam with Different Number of Openings

Number Opening Ultimate | Decrement | Maximum | Decrement
of location load ratioin | deflection ratio in
openings (KN) ultimate (mm) maximum
load deflection
(%) (%)
Without - 153.36 - 8.54 -
opening
1 Mid-span 142.2 7.3 5.64 34.0
2 Edges 151.2 1.4 7.43 13.0
3 1 at Mid-span | 141.8 7.5 5.57 34.8
+ 2 at edges
4 2 at mid-span | 140.9 8.1 5.08 40.5
+ 2 at edges
1 at mid-span | 137.5 10.3 8.10 5.2
5 + 2 near to
points-load +
2 at edges
2 at mid-span | 137.0 10.7 7.94 7.0
6 + 2 near to
points-load +
2 at edges

5.5.4 Effect of Steel yielding Stress (fy)

To show the effect of the steel yielding stress on the load-deflection response,
ultimate load and maximum deflection, two cases were studied: arched beam
without opening and arched beam with one web circular opening at the midspan.
Three values of yielding steel stress (248, 360 and 450 Mpa) were investigated.
Figures (5.19) and (5.20) show that increasing the ultimate load and load-
deflection stiffness are associated with increasing in steel yielding stress. Indeed,
the load-deflection curves showed a matching at the elastic range and the
difference becomes obvious after yielding. Table (5.7) shows the ultimate load and

maximum deflection values for the studied specimens.
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Fig. (5.19): Effect of Yielding Stress on the Load-Midspan Deflection Curve
for Arched Beam without Opening
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Fig. (5.20): Effect of Yielding Stress on the Load-Midspan Deflection Curve
for Arched Beam with Middle Opening
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Table (5.7): Effect of Yielding Steel Stress on Ultimate Strength and
Maximum Deflection

Ultimate | Comparison | Maximum | Comparison
Beam Yield stress (MPa) | load (kN) ratio in deflection ratio in
(Fy) ultimate load (mm) maximum
(%) deflection (%)
Fyf.340 - -
(EXP. )F§W.333 160 10.78
Beam 248 116.31 -24.2 7.27 -14.9
without
opening Fyf 340 153.36 - 8.54 -
Fyw. 333
360 167.90 9.5 8.73 2.2
450 208.30 35.8 8.93 4.6
Fyf.340 - -
(EXP.)pesss 140 7.43
Beam 248 108.28 -23.9 5.38 -4.6
with
middle Fyt. 340 142.2 - 5.64 -
Openlng FyW 333
360 156.09 9.8 6.08 7.8
450 193.89 36.4 7.05 25

5.5.5 Effect of Adding Stiffeners

To study the effect of adding stiffeners on the load-deflection behavior,

ultimate load and maximum deflection of arched beam without opening, four

different numbers of stiffeners were added (2,4,6 and 9) to the weak regions of the

arched beam at maximum shear and maximum bending moment zones from each

side of the beam. It can be seen from Figure (5.21) that the ultimate load of the

beam increased with increasing the added stiffeners by about (1 to 8%) for the

added stiffeners number of (2 and 9) respectively. Table (5.8) illustrates the

ultimate load capacity and maximum deflection values for arched beam without

opening with different number of add stiffeners.
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Fig. (5.21): Effect of Add Stiffeners on Load-Midspan Deflection Behavior
for Arched Beam without Opening

Table (5.8): Ultimate Load and Maximum Deflection Values for Arched Beam
Without Opening with Different Number of add stiffeners

Number of add | Location of add | Ultimate | Increment | Maximum | Comparison
stiffeners at stiffeners load ratio in deflection | in maximum
each side of (KN) ultimate (mm) deflection

beam load (%) (%)
Without add - 153.36 - 8.54 -
stiffeners
Maximum
2 bending moment | 154 57 0.7 7.99 -6.4
sections
Maximum
4 bending moment | 156 16 1.8 6.50 -23.9
sections
Maximum
6 bending moment | 156 88 2.3 4.58 -46.4
sections
6-at maximum
9 bending moment | 165 02 7.6 10.60 24.1
sections + 3-at
maximum shear
sections
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5.5.6 Effect of the Arched Beam Radius

This parameter was studied by changing the radius of arched beam using
(537.3, 797.5 and ) mm radius on three cases: arched beam without opening,
arched beam with middle opening and arched beam with edge openings, by fixing
the opening diameter to 80 mm in arched beams with opening. It was observed
from Figures (5.22), (5.23) and (5.24), a significant difference in the stiffness of
the beams, where the stiffness of all beams decreased with the increase in the
radius of beam due to increasing the bending moment generated in arch beam.
Meanwhile, a remarkable increase in the maximum deflection of the arched beams
due to the increase in the radius. Table (5.9) shows the ultimate load capacity and

maximum deflection values for arched beams with different radii.
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Fig. (5.22): Effect of the Arched Beam Radius on Load-Midspan Deflection
Behavior for Arched Beam without Opening
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Fig. (5.23): Effect of the Arched Beam Radius on Load-Midspan Deflection
Behavior for Arched Beam with Edge Openings
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Table (5.9): Ultimate Load and Maximum Deflection Values for Arched
Beams with Different Values of Arched Beam Radii

Radius of | Ultimate | Decrement | Maximum | Incremental
Beam arched load ratio in deflection ratio in
beam (kN) ultimate (mm) maximum
(mm) load (%0) deflection
(%)
Beam |(EXP.)537.3| 160 - 10.78 -
without ™537 3 153.36 i 8.54 i
openin
Pening =975 126.50 175 12.01 51.2
o0 92.30 39.8 15.53 81.9
Beam |(EXP.)537.3| 145 - 8.7 -
V&"th 537.3 151.2 - 7.43 -
cages 7975 126.43 16.4 13.65 83.7
openings
o0 92.30 39.0 15.72 111.6
Beam | (EXP.)537.3 140 - 7.43 -
with 537.3 142.2 - 5.64 -
middle
opening 797.5 117.64 17.3 6.18 9.6
o0 84.16 40.8 6.37 12.9

5.5.7 Effect of the Support Type

To investigate the effect of type of support on the behavior of the steel arched
beam, hinge-hinge arched beam without openings was examined and compared
with simply supported arched beam as shown in Figure (5.25). It can be noticed
from Figure (5.25), that the arched beam with two-hinged support had a very large
stiffness compared to a simply-supported arched beam due to its restricted in two-
hinged arched beam. Table (5.10) illustrates the ultimate load capacity and
maximum deflection values for hinge-hinge arched beam and comparing it with

simply supported arch beam.
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Fig. (5.25): Effect of Type of Support on Load-Midspan Deflection
Behavior for Arched Beam without Opening

Table (5.10): Ultimate Load Capacity and Maximum Deflection Values for
Arched Beam with Hinge-Hinge Support and Simply Support

Support | Ultimate | Comparison | Maximum | Comparison
type load in ultimate | deflection | in maximum
(KN) load (%0) (mm) deflection
(%0)
Simply 153.36 - 8.54 -
support
Hinge-hinge | 396.00 +158.2 2.14 -75.0
support

5.5.8 Strengthening Effect Using Stiffeners Around Opening

This parameter was studied by using stiffeners around the mid-span
opening in arched beam with mid-span opening as illustrated in Figure (5.26).
Figure (5.27) shows the comparison in behavior of the beam between the
strengthening methods by vertical stiffeners as in experimental test and by using

stiffeners around the opening in two sides. It can be seen from the Figure (5.27)
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that the strengthening method by stiffeners around the opening at 210mm away,
revealed a better effect than vertical stiffeners at h/2 from the opening edge
(where h represented the overall depth of beam section) to strengthen the beam.
Table (5.11) shows the ultimate load capacity and maximum deflection values
for arched beams with strengthened mid-span opening by two strengthening

methods using stiffeners.

Fig. (5.26): Strengthening Method by Using Steel Stiffeners Around the
Middle Opening

a0

60

Applied load (kN)

= 5tiffeners around opening

40 =—\fertical stiffeners

20

0 2 a 6 8 10
Mid-span deflection (mm)

Fig. (5.27): Effect of Strengthening Method on Load-Midspan Deflection
Behavior for Arched Beam with Middle Opening
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Table (5.11): Ultimate Load Capacity and Maximum Deflection Values for
Arched Beams with Strengthened Mid-Span Opening by Two Strengthening
Methods Using Stiffeners

Strengthening | Ultimate | Comparison | Maximum | Comparison

method load in ultimate | deflection | in maximum
(KN) load (%0) (mm) deflection
(%)

Vertical stiffeners
at h/2 from 142.7 - 5.6 -
opening edge

Vertical and
horizontal
stiffeners around
opening at 10mm
away

152.6 +7.0 7.2 +28.6
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CHAPTER SIX

CONCLUSIONS AND
RECOMMENDATIONS

6.1 Introduction

The main objective of this research was to study the experimental and
numerical analysis of steel arched beams with and without web circular openings,
non-strengthened and strengthened using steel stiffeners. In this chapter, the main
conclusions that are obtained from experimental and numerical evidence are given.
Furthermore, several recommendations and suggestions for future work were

presented.

6.2 Conclusions

In this section, the significant conclusions noticed from each phase of the

experimental and numerical investigation are presented.

6.2.1 Conclusions Based on the Experimental Results

The main concluding remarks that have been achieved from the
experimental work may be summarized as follows:

1- The existence of circular web opening which has a diameter to height ratio
of 0.5 in midspan for arched beam minimize the ultimate strength by 12.5%,
if compared with beam without opening.

2- The web openings at edges of arched beam had minimal effect on ultimate
strength, nearly 9%, if compared with reference beam without opening.

3- The reduction in maximum deformation for non-strengthen beams were
about (9 to 33%) in the horizontal displacement and (19 to 32%) in vertical

mid span deflection, when compared with the control beam.
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4-

5-

6-

7-

The strengthening of the beam by steel stiffeners, slightly increased the
ultimate strength nearly (1 to 3%) if compared with non-strengthen beams.
The results showed that using vertical steel stiffeners as a strengthening
technique had insignificant effect on ultimate load capacity and deformation
values of arched beams.

The reduction in maximum deformation for strengthen beams were about (9
to 29%) in the horizontal displacement and (12 to 29%) in vertical mid span
deflection, when compared with the control beam.

Presence of opening and/or stiffeners didn’t change the mode of failure of all
specimens which was local buckling and yielding in top flange of the

midspan zone.

6.2.2 Conclusions Based on the Numerical Study

The main remarks that have been concluded from the finite element

analysis may be summarized as follows:

1-

3-

The finite element analysis (FEA) by ABAQUS program was able to
analyze the steel arched beams with or without openings, unstrengthened or
strengthened by steel stiffeners. The proposed model by (FEA) provides a
good correspond with the experimental outcomes in terms of ultimate load
capacity, maximum deformations, load-deflection curve, load-horizontal
displacement curve, and failure mode.

The average differences in the ultimate load capacity and the maximum
deformations between FEA and the experimental results of all specimens
were nearly 1.97 % for the ultimate load and 5.13 % for the maximum
horizontal displacement, and 22.66 % for the maximum vertical midspan
deflection, which ensures the precision of the numerical analysis.

The ultimate load capacity of the arched beam with middle web opening
decreased with the increase in the (D/H) ratio by (2.49%, 6.29%, 12.30%,
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21.17%) for ratios (31.3%, 46.8%, 62.5% and 78.1%), respectively if
compared with the control beam, while the ultimate load capacity of the steel
arched beam with edge openings decreased by about 26% compared with
control beam, when (D/H) increased to 78.1%.

The increase in the yielding stress of steel will increase the ultimate load
capacity for all types of beams, in which the ultimate strength of the arched
beam without opening and arched beam with middle opening reached to
(153.36 and 142.2KN) respectively at experimental yielding stress and
decreased by about 24% at 248 MPa and increased by about (10%, 36%) at
(360, 450 MPa) respectively.

The increase in the radius of the arched beam using (537.3, 797.5 and o)
mm will decreasing the ultimate load capacity while the maximum
deflection will be increased with increasing the radius of the arched beam by
(51.2%, 83.7% and 9.6%) at radius of 797.5mm and (81%, 111.6% and
12.9%) at straight beam for beam without opening, beam with edge openings
and beam with middle opening respectively.

Adding steel stiffeners at maximum bending moment and maximum shear
zones leads to increases in the stiffness and ultimate load capacity of the
arched beam by (0.7%, 1.8%, 2.3%, 7.60%) for the added number of
stiffeners of (2, 4, 6 and 9) at two sides of the beam respectively, if
compared with arch without added stiffeners.

Strengthening the beam with mid-span opening by using vertical and
horizontal stiffeners around the mid-span opening cancel the effect of
presence of the middle opening.

The shapes of opening (circular, square, triangular, hexagonal and
rectangular) had no clear effect on the load-deflection behavior of the steel

arched beam with openings near the supports, while the arched beam with
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middle triangular opening caused a remarkable decrease in the stiffness of

the beam if compared with control beam.

9- The arched beam with two-hinged support had a very large stiffness

compared to a simply-supported arched beam

6-3: Recommendations for the Future Researches

1-

2-

Investigate experimentally the behavior of steel arched beams with and
without opening subjected to dynamic and impact loading.

Explore the behavior of steel arched beams with openings under repeated
loads.

Study experimentally the behavior of steel arched beams of the non-
compacted section with circular openings.

Inspect experimentally and numerically the performance of castellated
steel arched beams.

Investigate experimentally the behavior of two-hinged steel arched beams.

Study experimentally and numerically the behavior of steel arched beams

with strengthened openings by cfrp product.
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Appendix-A
Appendix-A
Shape Classification
AISC [42] classified cross-sectional shapes as:

e Compact
e Noncompact
e Slender

Depending on the values of the width-thickness ratios of the individual elements
that form the shape.

For classify the built-up (I-shape) section of the arched beam based on the
classification of shapes in section B4 of the AISC [42] as follow:

1. Checking the flange

_bf _ 80 _
" 2tf 2(5) 8

Ap=0.38 /i =0.38 /2°°°°° =9.38 L 5mm
fy 328
Ar= /i = /2°°°°° = 24.69
fy 328 150mm

— A<Ap
=~ Flange is compact

2. Checking the web T
hw _ 150 4mm
A=—=—=375
tw 4

Ap=3.76 \/% =3.76 /203020800 =92.84 Fig. (A.1): Typical Cross-
Section of the Steel Beam
A= 5.7 F =57 /2°°°°° =140.75
fy 328

~ web is compact

It means from above results of width-thickness ratios of the flange and web
that the built-up (I-shape) section of the arched beam is compact.
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Appendix-B
Beam Design

In this section will be checking the shear and flexure strength theoretically

according to the limitations of built-up section of AISC [42].

B.1 Checking Flexural Capacity of the Section

Mu= P/2xb

B.M.D / \

Fig. (B.1): Shear Force and Bending Moment Diagrams for Arched Beam
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Fy= 328 Mpa
A= 1400 mm?
V=60.35mm
a= 400mm

b= 324.5mm
01=12.6°
02=68.14°

Z=2%2¥ = 2% 2(60.35) = 84490 mm?

Mn= Mp= Fy * Z = 328 * 84490 * 10~= 27.71 KN.m
Mu= g *

27.71=2% 03245 =mmb = 170. 78 kN

B.2 Checking Shear Capacity of the Section
Vn=0.6 * Fy * Aw

Vn= 0.6 * 328 * (160*4) *10~3 = 125.95kN
Vu= g sin 62

125.95 = g SiN68.14 =mmmp  p=271.4 kN

B.3 Criteria for Concentrated Loads
e Checking local flange bending
RN=6.25* tf2 * Fy
Rn=6.25* (5)? * 328 *1073
Rn=51.25 KN
e Checking local web yielding
Rn= (5k + N) Fy *tw
Rn=(5*%40 + 50) * 328 * 4 * 103

Rn=328 KN
95



Appendix-B
e Checking web crippling
Rn= 0.8 (tw)? [L43() (C)] |7

RN= 0.8 (4)2 [1+3(=0) (D] /wﬂW

Rn=193.66 KN

e Checking the compression buckling of the web
Rn= 24 (tw)3* JE+Fy

hw+tf
3* k
RN _24(® m*10_3
155
Rn=80.26 KN
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Appendix-C
Appendix-C
Mises Stresses for the Beams with Different Opening Shapes at Mid-Span

In this section mises stresses for the beams with different shapes of opening at

mid-span were illustrated by Figures (c.1 — c.8).

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+3.280e+02
+3.007e+02
+2.735e+02
+2.462e+02
+2.189e+02
+1.917e+02
+1.644e+02
+1.371e+02
+1.099e+02
+8.261e+01
+5.534e+01
+2.808e+01
+8.133e-01

Fig. (C.1): Stresses Distribution at the Top and Bottom Flanges for Beam with
Triangular Middle Opening

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+3.280e+02
+3.007e4+02
+2.734e4+02
+2.462e+02
+2.189e+02
+1.916e4+02
+1.643e4+02
+1.370e4+02
+1.098e+02
+8.249e+01
+5.521e4+01
+2.793e401
+6.487e-01

Fig. (C.2): Stresses Distribution at the Top and Bottom Flanges for Beam with
Square Middle Opening
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S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
+3.280e+02
+3.007e+02
+2.735e+02
= +2.462e+02
+2.190e+02
— +1.917e+02
+— +1.644e+02
+1.372e+02
+1.099e+02
+8.265e+01
+5.539%e+01
+2.812e+01
+8.630e-01

Fig. (C.3): Stresses Distribution at the Top and Bottom Flanges for Beam with
Rectangular Middle Opening of (78.5*100) mm

5, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+3.280e+02
+3.007e+02
+2.735e+02
+2.462e+02
+2.190e+02
+1.917e+02
+1.644e+02
+1.372e+02
+1.099e+02
+8.265e+01
+5.539e+01
+2.812e+401
+8.626e-01

Fig. (C.4): Stresses Distribution at the Top and Bottom Flanges for Beam with
Rectangular Middle Opening of (65.416*120) mm
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S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+3.280e+02
+3.007e+02
+2.734e+02
+2.462e+02
+2.189e+02
+1.916e+02
+1.643e+02
+1.370e+02
+1.098e+02
+8.24%e+01
+5.521e+01
+2.793e+01
+6.484e-01

Fig. (C.5): Stresses Distribution at the Top and Bottom Flanges for Beam with
Rectangular Middle Opening of (56.071*140) mm

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+3.280e+02
+3.007e+02
+2.734e+02
+2.462e+02
+2.189e+02
+1.916e+02
+1.643e+02
+1.370e+02
+1.098e+02
+8.248e+01
+5.521e+01
+2.793e+01
+6.464e-01

Fig. (C.6): Stresses Distribution at the Top and Bottom Flanges for Beam with
Rectangular Middle Opening of (49.063*160) mm
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S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+3.280e+02
+3.007e+02
+2.735e4+02
+2.462e+02
+2.190e+02
+1.917e+02
+1.644e+402
+1.372e402
+1.099e+02
+8.265e+01
+5.538e4+01
+2.812e401
+8.619e-01

Fig. (C.7): Stresses Distribution at the Top and Bottom Flanges for Beam with
Hexagonal Middle Opening

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
+3.280e+02
+3.007e+02
+2.735e+02
] +2.462e+02
+2.190e+02
+1.917e+02
— +1.644e+02
+1.372e+02
+1.099e+02
+8.265e+01
+5.538e+01
+2.812e+401
+8.611e-01

Fig. (C.8): Stresses Distribution at the Top and Bottom Flanges for Beam with
Circular Middle Opening
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