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ABSTRACT 

When fastener holes are made in structural beams, the Canadian Steel Design Code 

CAN/CSA-816.01 -Clause 14.1 (CSA, 2003) states that no deduction in flexural strength 

is needed for holes up to 15% of the gross flange area. This clause was established many 

years ago, however, over the years the mechanical characteristics of structural steel have 

changed. This research study focused on the effects of flange holes on the flexural 

behavior of steel I-beams made of ASTM A992 steel. This study was conducted 

primarily based on an experimental investigation involving 25 beam specimens. Holes of 

various diameters, ranging form 0% to 48% of the gross flange area were laid by drilling 

holes (a) in the midspan of the tension flange and (b) in the midspan of both the tension 

and compression flanges. Additionally, beams having holes with fasteners (snug tight) 

were performed. Based on the test results, this study recommended a design approach, 

which is analogous to an axial tension member provision as per the current CAN/CSA

S16.01(CSA,2003) standard. Accordingly, the effects of holes on the flexural strength 

can be ignored if the gross-section plastic moment is greater than a modified net-section 

fracture moment hence, beam members shall be designed to carry the gross-section 

plastic moment. Otherwise, the beam members shall be designed to carry the modified 

net-section fracture moment. The comparison of the recommended procedure with the 

15% exemption rule as per current steel standard S16.01 (CSA, 2003) demonstrated that 

the current code provision is unnecessarily conservative for steel grades such as A992 

steel. On the other hand, the current provision may be more unconservative for high 
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strength steels such as HSLA 80 steel, ASTM A913 Grade 60 and HPS-485W having a 

minimum yield-to-ultimate strength ratio value of more than 0.85. 

The analytical portion of the research study involved the application of nonlinear finite 

element method to verify and comprehend the experimental results. The analytical study 

was conducted using ADINA FE program. The test beams were modeled using 4-node 

shell element that includes both geometric and material nonlinearities. The material 

model utilized in the FE analysis was developed based on the experimental-numerical 

simulation of standard tensile coupons. 
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NOTATIONS AND ABBREVIATIONS 

Abbreviations 

AISC-American Institute of Steel Construction 

AS4100-Australian Standard for the Design of Steel Structures 

BS5950-British Standard for the Design of Steel Structures 

CISC-Canadian Institute of Steel Construction 

CSA-Canadian Standard Association 

LRFD-Load and Resistance Factor Design 

OWSJ-Open Web Steel Joist 

Notations 

A - Cross-sectional area 

A,,, - Effective flange area 

Atn - Net flange area 

Afg - Gross flange area 

Afh - Flange hole area 

Ag - Gross cross-section area 

An - Net cross-section area 

Awg - Gross web area 

b - Flange width 
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d - Beam depth 

E - Elastic modulus 

Esh - Strain hardening modulus 

e1 - Elongation at fracture 

Fu - Tensile strength 

Fun - Ultimate strength of perforated sample 

Fu,i - True stress value corresponding to onset of necking 

FY - Yield strength 

h - Web height 

I th - Second moment of area of flange holes about neutral axis of net-section 

Ifhe - Effective second moment of area of flange holes 

I g - Second moment of area of gross cross-section 

In - Second moment of area of net cross-section 

Ke - Effective net area coefficient 

L - Clear span length (support to support distance) 

Lcr - Critical unbraced length 

Lm - Midspan length 

L, - Shear span length 

M - Moment 
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M J - Design moment calculated based on code provisions 

M dp - Design moment calculated based on proposed method 

Mfn - Calculated net-section fracture moment (Zn Fu) 

M fnm - Modified net-section fracture moment (0.85 Zn Fu) 

Mm - Maximum measured moment 

MP - Calculated gross-section plastic moment based on measured material 

properties and measured cross-sectional dimensions (mean value) 

MP' - Calculated gross-section plastic moment based on measured material 

properties and measured cross-sectional dimensions of each individual beam 

M p-nom 

- Proportional moment obtained experimentally 

- Nominal plastic moment 

- Calculated yield moment based on measured material properties and 

measured cross-sectional dimensions (mean value) 

M yi - Calculated yield moment based on measured material properties and 

measured cross-sectional dimensions of each individual beam 

m - Ratio between the strain at strain hardening and yield strain 

n - Material constant 

P - Load 

Pm - Maximum measured load 

PP - Calculated gross-section plastic load (mean value) 

PP, - Calculated gross-section plastic load for each individual beam 
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- Proportional load obtained experimentally 

- Nominal plastic load 

- Ultimate measured load 

- Calculated yield load (mean value) 

- Calculated yield load for each individual beam 

- Rotation capacity corresponding to maximum moment 

- Total available rotation capacity 

- Radius of gyration about minor axis of bending 

- Elastic section modulus of gross cross-section 

- Elastic section modulus of net-section 

t - Flange thickness 

w -Web thickness/ weighting factor 

- Plastic section modulus of gross cross-section 

- Plastic section modulus of net cross-section 

y - Shift in neutral axis of net section w.r.t the neutral axis of gross section 

- Ratio between hole area and gross flange area 

- Engineering strain 

E:f - Strain at facture 

{;f ,I - True strain at fracture 
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£
1 

- True strain 

£u - Strain at ultimate stress (engineering) 

£u,t - True strain value corresponding to onset of necking 

£ Y - Yield strain (engineering) 

11 f - Midspan deflection at fracture 

11 m - Midspan deflection corresponding to maximum load 

11 Y - Midspan deflection corresponding to yield load 

11 P - Midspan deflection corresponding to plastic load under ideal elastic 

perfectly plastic behavior (mean value) 

11 pi - Elastic midspan deflection corresponding to plastic load under ideal 

/). + 
p 

elastic-perfectly plastic behavior associated with individual beam member 

- Midspan deflection corresponding to plastic moment on the ascending 

branch 

- Midspan deflection corresponding to plastic moment on the descending 

branch 

/). p-nom - Midspan deflection corresponding to nominal plastic load under ideal elastic 

Perfectly plastic behavior 

()ep-nom 

- End rotation corresponding to plastic moment under ideal elastic 

perfectly plastic behavior (mean value) 

- End rotation corresponding to plastic moment under ideal elastic 

perfectly plastic behavior associated with individual beam member 

- Nominal end rotation corresponding to nominal plastic moment under ideal 

elastic perfectly plastic behavior 
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e 1 - Rotation corresponding to fracture moment 

em - Rotation corresponding to maximum moment 

e P - Rotation corresponding to plastic moment under ideal elastic-perfectly 

plastic behavior (mean value) 

e pi - Rotation corresponding to plastic moment under ideal elastic-perfectly 

plastic behavior associated with individual beam member 

- Rotation corresponding to plastic moment on the ascending branch 

- Rotation corresponding to plastic moment on the descending branch 

ep-nom - Nominal rotation corresponding to nominal plastic moment under ideal 

elastic perfectly plastic behavior 

- Rotation corresponding to yield moment 
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CHAPTER: 1 

INTRODUCTION 

1.1 Introduction 

It is often necessary to have holes in the flanges and webs of steel beams for a wide 

variety of reasons such as installation of fasteners for connections, passages for tie rods, 

pipes, conduits, ducts, etc. In this document, unless otherwise specified, holes denote 

open holes and fastener holes. As a general rule, holes in the flanges should be avoided in 

high moment regions and holes in the webs should be avoided in high shear regions. In 

practice, however, it is not always possible to avoid the placement of holes in flanges in 

high moment regions. An example of such a situation is bolted flange plate connections 

in steel building frames. It should be noted that holes for passing pipes, conduits, ducts, 

etc. through the webs tend to be large holes and should be completely avoided in the 

flanges of flexural members. The analysis of the impact of such large holes on the 

flexural behavior of steel members is beyond the scope of this study. 

The primary focus of this study is to investigate the effects of flange holes on the flexural 

behavior of steel I-beams made of ASTM A992 steel. In this document, a distinction is 

made between open holes and fastener holes. An open hole is defined as a hole with no 
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fasteners. A fastener hole is defined as a hole with a sung-tight fastener of standard size 

and the fastener transmits loads by means of bearing. Figure 1.1 shows the difference 

between [A] an open hole and [B] a fastener hole under tension and compression. Note 

that the figure relates a single plate, which simulates the tension and compression flanges 

of a flexural member. In this thesis, unless otherwise specified, general reference of holes 

means open holes and fastener holes. 

The presence of either open holes or fastener holes in a tension member reduces its load 

carrying capacity. Various research studies (Kulak et al., 1995) have provided relevant 

data to establish net area formulas and design provisions that account for the effects of 

holes in direct tension members. Thus, tension members are always designed on the basis 

of net section area. However, unlike a tension member, a compression member having 

fastener holes is generally designed on the assumption that its gross cross section is 

effective in resisting the applied load. For the case of fastener holes in a compression 

member, it is assumed that the bolt can adequately transmit the compression load across 

the hole. Since the bolts effectively replace the material removed by the holes, fastener 

holes in a compression member have no weakening effect (Williams and Harris, 1957). 

On the contrary, open holes will weaken a compression member. 

The behavior of the tension flange with holes in a flexural member is significantly 

different than that of an axial tension member with holes. An axial tension member 

fractures once the net section reaches its tensile strength ( A
11

F,
1 
). Thus, the design load of 
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axial tension members with holes shall be established based on net section area as per the 

current code provisions. However, the deformation of the tension flange in a flexural 

member may be limited by the restraint provided by the web. Therefore, the strain across 

the net flange section cannot increase rapidly without a corresponding localization of 

strain in the web (Dexter et al., 2002). This inherent behavior due to flange-web 

interaction of a flexural member might have encouraged the code writers to ignore a 

certain percentage of holes with respect to the gross flange area without penalizing its full 

plastic moment capacity (provided that the beam is adequately braced). 

1.2 Practical Applications - Flexural Members Having Flange Holes 

This section briefly describes a few practical applications of flexural members having 

holes in their flanges. These applications include: bolted flange plate connections in 

moment resisting frames; column-tree moment-resisting frames; beam bearing on bottom 

flange girder connection; the assemblage of Gerber-girder system with open-web steel 

joists (OWSJ); Crane runways of an overhead crane; and splice connections. 

Bolted Flange Plate connection in Moment Resisting Frames: Structural steel frames, 

including building frames, may be constructed either by welding the structural members 

together or by bolting the members together, or by both welding and bolting. In fact, ever 

since welded connections exhibited brittle fractures during the 1994 Northridge 

earthquake, bolted flange plate connections are considered to be an attractive alternative 
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(Schneider and Teeraparabwong 2002). Figure 1.2 shows a bolted flange plate moment 

connection. It is often necessary to have holes in the flanges of the steel flexural members 

(beams, joints, girders, etc.), for this type of connection. In this connection, the flange 

plates were shop welded to the column while the field assembly of the beam-to-column 

joint was fully bolted. In such a connection, the critical moment may occur at the end of 

the beam. Therefore, the effect of flange and/or web holes must be properly considered. 

Column-tree Moment Resisting Frames: In a column-tree moment-resisting frame 

system, short segments of a girder, usually 300 mm-900 mm, are welded to the columns 

in the shop and the middle segment of the girder is erected in the field and bolted to the 

end of the short girder stub as shown in Figure 1.3. Therefore, the system is a shop

welded, field-bolted steel structure. The shop-welded, field-bolted column-tree system is 

ideal for construction during cold weather as well as for projects where field welding is 

too costly or cannot be easily done. During the 1995 Great Hanshin earthquake, the 

modem engineered steel column-tree systems in the affected areas performed well 

(Astaneh-ASL 1997). For this type of connection, the critical moment may occur in the 

bolted connection region. Thus, the design of the middle segment of the girder must take 

into account flange and/or web fastener holes. 

Connections with Beam Bearing on Bottom Flange Girder: A new type of beam-to

girder connection has recently been proposed in building construction in the United 

States. This connection consists of the beam bearing directly on the bottom flange of the 

CHAPTER: I 4 



girder, as illustrated in Figure 1.4. This type of connection is useful with deep deck (more 

than 75 mm) composite slabs in order to offset the increase in the floor depth caused by 

additional slab depth as well as with commonly used deck depths (less than or equal to 

75 mm) in which floor-to-floor height needs to be minimized. This connection is 

economical and easy to construct (Lee 2001 ). A lateral stabilizing angle and erection 

bolts through the bottom flange are required to complete this construction. In this case, 

the critical moments in the main girder may occur in the hole region thus, the effects of 

holes in the tension flange needs to be considered. 

Gerber-Girder System with OWSJs: Open-web steel joists (OWSJ) and Gerber-girder 

system are popular combination of roofing system in single storey buildings and in low

rise buildings. Figure 1.5 shows a typical layout of a Gerber girder system with OWSJ. A 

relatively new requirement in the Occupational Safety and Health Administration 

regulations for open web steel joist erection in the USA (OSHA 2004) stipulates that 

connection of individual steel joists to steel structures in bays spanning 12 m (;:::; 40 feet) 

or more shall be fabricated to allow for field bolting of joists during erection. There is a 

possibility that this trend may be introduced in Canada through Provincial Health and 

Safety Boards (CISC 2007). This Regulation warrants fabrication of round or slotted 

holes in open-web steel joist bearing seats and the flanges of supporting girders. Note that 

these bolts are temporary erection bolts and that the final connection must be made by 

welding or by other means. Though the joist manufactures recommend that bolts be left 
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in the holes, the bolts are not intended to transfer any load from one member to another), 

this is an example for holes with fasteners. 

Crane Runway: Several different types of cranes, such as overhead traveling, under 

slung, gantry, and monorail, are commonly in use. The overhead traveling crane is the 

most common in heavy industrial type buildings as they are able to carry the heaviest 

loads (Ricker 1982). As seen in Figure 1.6, the crane beam bottom flanges are bolted to 

the crane column and the top flanges are bolted to the rail. In order to fasten the crane 

beam by bolting, holes must be made in the flanges. Therefore, the design of a crane 

beam, which is to withstand the primary loads due to vertical loading including impact 

through flexure and shear must consider the influence of holes in the flanges of the beam. 

Splices: Splice connections are often required in beams/girders when the lengths of 

members are limited by fabrication, transportation, or the handling facility. A commonly 

used field splice is one that is made with cover plates which are connected to the main 

members by bolting (Kulak and Green, 1990). In practical applications, field splices are 

preferably located at points of dead load contraflexure or reasonably close to it. This is 

usually done based on the assumption that a splice is a weak point and failure can occur 

at this point. However, various studies have demonstrated that bolted splices do not 

create weak points (Douty and McGuire, 1965, Fisher and Struik, 1974). This research 

was further reinforced by the statement by Kulak et al ., (1987) that "the properly 

proportioned flange splice can carry the full moment capacity of the cross section". 

CHAPTER: I 6 



Figure 1. 7 shows a bolted splice connection. In bolted splice connections, the ultimate 

flexural strength of the member may be reduced by the holes. Therefore, the fastener 

holes must be taken into account in designing the member strength. 

Cover-Plated Beam/Girder: Cover plated beams/girders are used in new bridge 

construction and bridge renovation or restoration projects. Additional plates are added to 

the flanges to increase the moment capacity of existing beams/girders. In general, the 

cover plates are fastened to primary beam sections either by welding or by bolting. Figure 

1.8 shows a typical cross section view of a cover plated I-section. It can be seen from 

Figure 1.8, that holes are needed in the flanges of beam sections to fasten the cover plates 

to the primary beam. 

1.3 Problem Statement 

The influence of holes in the flanges and/or webs on the flexural behavior of steel beams 

has been a topic of debate for many years. Early North American design codes permitted 

a designer to place holes in the flange up to 15% of the gross flange area. If holes remove 

more than 15%, the section properties shall be calculated on the basis of area removed 

that are in excess of 15%. Typically, only the yield moment would be used at the hole 

locations (AISC 1963). The 15% exemption provision was developed based on Lilly and 

Carpenter's (1939) study on riveted plate girders made of ASTM A 7 steel having a yield-
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to-tensile strength ratio of 0.5. This provision was also supported by the findings of other 

researchers that followed (Douty and McGuire, 1965). 

The curre)lt trend in steel construction industry is to use higher strength steels such as 

ASTM A992, A913 Gr.50, A913 Gr.65, HPS SOW and HPS 70W, which have better 

structural performance over traditionally used steel grades such as ASTM A 7 and A36 

steels. High strength steels generally exhibit a higher yield-to-ultimate strength ratio than 

conventional structural steels. The yield-to-ultimate strength ratio is the primary factor in 

determining the percentage of holes to the gross flange area that can be ignored in the 

design of flexural members with flange holes (Dexter et al., 2002 and Yuan, 2004). In 

addition, the 15% exemption rule as per the early North American standards does not 

take into account the strain hardening potential of a material in terms of the yield-to

ultimate strength ratio. 

The question that arises when the flanges and/or webs of a flexural member have holes in 

the critical moment regions is: what effects do these holes have on the strength of the net 

section? Various international standards provide different procedures to account for holes 

in the flanges and/or webs of flexural members. Clause 14.1 of the CAN/CSA-S16.01 

(CSA 2003) standard still uses the 15% exemption rule, even for high strength steels; in 

proportioning the flexural members having fastener holes in the flanges. The CSA (2003) 

code provision treats the case of fastener holes differently, in which net-section 
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calculation shall be applied for holes other than fastener holes (i.e., no exemption is 

permitted for open holes in the flanges of a beam/girder). 

A comparison of several international code prov1s10ns demonstrates that the 15% 

exemption rule as per the current CAN/CSA-S16.01 (CSA 2003) standard is more 

restrictive for widely used structural steel grades such as 350W steel. Conversely, the 

15% exemption rule may be unconservative for high strength/high performance steels 

having yield-to-ultimate strength ratios of more than 0.8. 

This study investigates the impact of flange open holes and fastener holes on the flexural 

behavior of steel beams. The beams investigated were W-shaped sections conforming to 

ASTM A992 steel grade. The following factors provided the impetus for this study; 

• During the 1994 Northridge earthquake flange welded web-bolted type connections 

fractured in more than 200 moment-resisting steel frame buildings in the Los 

Angeles region (Teeraparbwong 2001). Since then a fully field bolted flange plate 

connection alternative has been proposed for use in steel moment resisting frames. 

In a fully bolted connection, holes need to be made in the flanges and/or webs of a 

beam member. If the holes occur in the critical moment region, the strength of the 

flexural member may be altered. Therefore, it is essential to have a design formula 

that can reliably predict the strength of such beams. 

• Holes in the flanges and/or webs of a beam/girder member are required for other 

applications including Open-web steel joists with Gerber-girder system, crane run-
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ways, splice connections, connections with the beam bearing on bottom flange 

girder, etc. A suitable design practice needs to be enforced for beam/girder having 

flange holes in the critical moment region in order to ensure they perform in a safe 

and reliable manner. 

• A comparison of different international code provisions dealing with the issue on 

the proportion of flexural members having open holes and fastener holes in the 

flanges revealed that the current CAN/CSA-816.01 (CSA 2003) standard (15% 

exemption rule) needs to be updated. 

• Recently introduced high strength (high performance) steels such as ASTM A992, 

A913 , HSLA 80 steel and HPS 485W, which are becoming popular in North 

America and elsewhere, exhibit higher yield-to-ultimate strength ratios, in some 

instances more than 0.85 (Dexter et al. , 2002). The increase in yield-to-ultimate 

strength ratios of such steel grades may result in a lower amount of holes that can 

be ignored in the design of a flexural member without penalizing its gross cross

section moment capacity. Therefore, it is imperative that a design provision, 

addressing the proportion of flexural members having flange holes, considers the 

variation in yield-to-ultimate strength ratios of different steel grades. 

1.4 Scope and Objective 

The main objective of this study was to investigate the influence of flange holes on the 

flexural behavior of steel I-beams. To meet this objective, twenty five beam tests having 
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holes of different percentage of net flange area-to-gross flange area ratios, were tested to 

establish the flexural behavior in terms of the strength and ductility. The mode of failure 

associated with each test was also established. The goal of this research was to develop a 

design process to accurately estimate the strength of a flexural member having holes in 

the flanges. Additionally, the following points were considered to be within the scope of 

this investigation: 

• compare and assess the applicability of the 15% exemption rule in the current 

CAN/CSA-Sl6.0l (CSA 2003) standard along with the corresponding rules from 

various other international code provisions; AISC-LRFD (2005), AISC-LRFD 

(1999), BS5950 (BSI 2001) and AS4100 (SA 1998). 

• develop FE model and verify the models with experiment results. 

• develop an analytical model based on the experimental results on the issue of the 

proportion of flexural members having flange holes. 

• provide a recommendation on the modification of the current CSA (2003) code 

prov1s10n. 

1.5 Research Methodology 

This study consisted of five main phases to achieve the scope and objectives. 

• Phase-I: involved an experimental investigation of ASTM A992 steel flexural 

members. Beam specimens with holes (of various diameters) in the tension flange 

only, holes in both the tension and compression flanges, as well as holes with 
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"snug-tight" fasteners of various diameters in both the tension and compression 

flanges were tested. All tests were performed as a simply supported beams 

subjected to two point load in the midspan. 

• Phase-II: involved an experimental study of mechanical characteristics of ASTM 

A992 and 350W steel grades. The overall stress-stain relationship was established 

by performing standard tension coupon tests in accordance with the A370-02 

specification (ASTM 2002). This phase also included the load-deformation 

behavior of tension members having a hole in the middle region (perforated 

samples). Holes of various diameters (i.e., different net area-to-gross area ratio 

values) were considered. 

• Phase-III: dealt with the development of analytical material models that could 

capture the post ultimate strength behavior including fracture of a direct tension 

member. In the development of an analytical material model, an experimental

numerical analysis of standard tensile coupon was performed. The developed 

material constitutive relation was used to input the material characteristics in finite 

element (FE) models of the perforated tension samples. The load-deformation 

behavior of the test samples and that of the FE models were subsequently 

compared. 

• Phase-IV: involved a numerical study using FE modeling of the test beams. The 

developed FE models were verified using the experimental results. 

• Phase-V: proposed an analytical formula to predict the design moment at hole 

locations. The design moment calculation based on the proposed method was 
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compared with various code methods such as CSA (2003) code, AISC-LRFD 

(2005) code, AISC-LRFD (1999) code, BS5950 (BSI 2001) code and AS4100 (SA 

1998) code. The relevant discussions and conclusions were made based on the 

applicability of the clause 14.1 of the current CAN/CSA-Sl6.0l (CSA 2003) 

standard. 

1.6 Organization of the Thesis 

The thesis comprises eight chapters which are organized as follows: 

• Chapter 2: 

covers the relevant studies and related issues on the effects of holes in the flanges and 

or/webs on flexural strength of steel beruns. A brief introduction on the historical 

development of structural steel grades is also presented in this chapter. 

• Chapter 3: 

provides various international design provisions dealing with the proportion of flexural 

members having flange and/or web holes. This chapter also summarizes the application 

of different international code procedures by considering various scenarios such as: (1) 

holes in the tension flange only; (2) holes in both flanges; and (3) fastener holes in both 

flanges. In this chapter, theoretical calculation of the moment capacity based on the net

area concept is compared with the code methods. 
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• Chapter 4: 

presents an experimental program including the test procedure associated with the 

flexural members having various (net flange area)-to-(gross flange area) ratio values. All 

of the instrumentation used in the test program, as well as the location and description of 

these equipments, are described in this chapter. The data reduction processes are also 

summarized. 

• Chapter 5: 

contains the test results associated with the twenty five flexural tests. Observations made 

during each beam test, associated failure modes are summarized in this chapter. A 

comparison of test results with the various code based estimations is provided. A design 

method has been proposed based on the experimental test results . The design moment 

calculations as per the proposed method and the code method have been compared. 

• Chapter 6: 

presents the mechanical characteristics of ASTM A992 steel and 350W steel grades, 

established using standard tensile coupon tests. Material constitutive relations were 

developed by simulating the experimental load-displacement behavior of standard tensile 

coupons. These material models were used in FE simulation of perforated samples having 

various net-area-to-gross area ratio values. The predicted load-displacement responses 

were compared with the test results of similar samples. 

Chapter 7: 

deals with a comparison study based on the FE method for the flexural experiments 

provided in Chapters 4 and 5. This chapter also presents details pertaining to the FE 
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modeling technique used. The predicted global and local behaviors of flexural members 

were compared with the experimental results. The factors contributing to discrepancies of 

the experimental and numerical results were discussed. 

• Chapter 8: 

summarizes and concludes the important findings from this study. Additionally, this 

chapter recommends a design modification to Clause 14.1 of the current CAN/CSA

S16.0l (CSA 2003) standard, which is related to the proportion of flexural members with 

flange holes. 

CHAPTER: 1 15 



[A] Open Hole 

Under Tenr;ion 

p \I( / 0 

p .., .. 0 
Under Compression 

[BJ Fastener Hole 

U ndar Tension 

) • p P... •' 

No load transfer through fai;tanei: aince it 
i!l a. aingla plate f?imula.ting tension flange 

Bearing at the interface 
d 

hole-pe:Iimet 
>Ill p p Ii/ 

Under Compression 

)' • p 

14' p 
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Figure 1.2: Typical Field Assembly of a Bolted Flange Plate Connection 
(Chen and Patel, 1981) 
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Figure 1.3: Typical Configuration of Column-Tree Moment-Resisting Frames 
(Astaneh-Asl 1997) 
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Figure 1.4: Typical Connection with Beam Bearing on Bottom Flange 
(Lee 2001) 
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Figure 1.5 : Typical Structural Layout of a Gerber Girder System 
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Cover Plate 

Figure 1.8: Typical Assemblage of Cover Plates 
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CHAPTER: 2 

LITERATURE REVIEW 

2.1 Introduction 

This chapter reviews pertinent published materials on the flexural strength of structural 

steel beams with holes in the flanges and/or webs. As noted previously, in this document, 

unless otherwise specified, holes mean open holes and fastener holes. A historical 

development of structural steels used in the construction industry is briefly summarized. 

This chapter also presents the early North American code provisions dealing with the 

issue on the design of flexural members with holes in the flanges and/or webs. 

Additionally, this chapter discusses how these early code provisions have been modified 

based on research studies over the last few decades. 

2.2 Historical Development of Structural Steel Grades 

Early North American structural steel standards for buildings (CSA Standards, ASTM 

Standards) permitted mild-carbon steel with minimum specified yield strength values of 

190 MPa-225 MPa and corresponding ultimate strength values of 380 MPa-450 MPa, 

resulting in a yield-to-ultimate strength ratio value of 0.5 (ASTM 1999). The growth of 
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advanced technology over the last fifty years in the steelmaking industry has enabled 

steel producers to make steel grades with relatively higher properties. In the l 960 ' s, 

ASTM A36 steel with slightly improved steel properties was introduced as a structural 

steel replacing the use of mild carbon steel. The steel conformed to this specification, 

ASTM A36, has a minimum specified yield strength of 250 MPa and ultimate strength 

varying from 400 MPa to 550 MPa. Thus, the associated yield-to-ultimate strength ratio 

values range between 0.45 and 0.62 (Fletcher 1979). 

Currently, a minimum specified yield strength of 350 MPa is the norm in Canada. In the 

l 990's, Grade 350W became the only grade for Wand HP shapes produced by Algoma 

(CISC 2007). The 350W grade steel has a minimum specified yield strength of 350 MPa 

and ultimate strength ranging between 450 MPa and 650 MPa, resulting in yield-to

ultimate strength ratio values between 0.54 and 0.78. 

The ASTM A992 steel grade is currently used steel specification for building 

construction; it was developed as the result of an industry initiative during the 1990s. 

This steel has been produced since 1997 under the description "Enhanced A572 Grade 

50" (Bjorhovde et al. , 2001 ). The major advantage of the A992 steel is its better material 

definition. It has an upper limit on yield strength of 450 MPa and a lower limit on tensile 

strength of 450 MPa. The Canadian standard CSA G40.2 l 350W steel grade is equivalent 

to ASTM A572 Grade 50. Although the minimum yield and ultimate strengths of the 

350W steel are closer to that of the ASTM A992 steel, the A992 steel has an additional 
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requirement that the yield-to-ultimate strength ratio value may not exceed 0.85. In order 

to ensure adequate ductility, the A992 specification requires that minimum elongation 

over 200 mm gauge length be 18% and over 50 mm gauge length be 21 % (Bjorhovde et 

al., 2001). 

Relatively recent steel making technology such as the Quenching and Self Tempering 

Process (QST), which is an advancement of Thermo-Mechanical Controlled Process 

(TMCP), enables the production of steel with higher strength, improved weldability and 

higher fracture toughness. Steels produced using these types of advanced processes have 

improved mechanical characteristics as well as improved weldability and are referred to 

as high performance steels (HPS). The steel grades such as ASTM A913 Grade 50 and 

Grade 65, HPS SOW and HPS 70W are widely used high performance structural steels 

employed in the construction of high rise buildings and bridges. The use of the HPS 

steels saves up to 20% weight reduction over widely used Grade 50 steels (Gunther 

2005). The ASTM A913 Grade 50 steel has minimum yield and ultimate strengths of 345 

MPa and 450 MPa, respectively, resulting in a yield-to-tensile strength ratio value of 

0.77. On the other hand, ASTM A913 Grade 65 has minimum yield and ultimate 

strengths of 450 MPa and 550 MPa, respectively, resulting in a yield-to-ultimate strength 

ratio value of 0.82. The HPS 70W steel has a minimum yield strength of 485 MPa and 

ultimate strength varying between 585 MPa and 760 MPa. Thus, the associated yield-to

ultimate strength ratio values vary between 0.64 and 0.83. Therefore, over the last fifty 
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years, the yield-to-ultimate strength ratio of structural steel grades has increased from 0.5 

to 0.85 and in some instances even more than 0.85 (Dexter et al. , 2002). 

2.3 Flexural Members with Flange Holes: Previous Studies 

Lilly and Carpenter (1939) studied the impact of rivet holes on the flexural stresses of 

plate girders. The test data collected from this study was used to establish the effective 

moment of inertia of a plate girder having rivet holes in the flanges and web. The effects 

of such holes on the cross-section strength of plate girders under working load condition 

were reported. Since all the tests reported in this study were conducted under working 

load condition, the plate girders were not loaded to failure. 

However, Lilly and Carpenter (1939) achieved their objectives by testing simply 

supported, constant length plate girders with various cross-sectional areas. Combinations 

of a web plate and four angles with four cover plates were used to fabricate three 

different cross-sections as shown in Figure 2.1. The plate girders were tested in four 

different series. The first series of tests included different cross-sections, but no holes 

were placed in the girders in the constant moment region. The second series used the 

same girders of the first series, but with 17 .5 mm (11 /16 inch) holes in both flanges in the 

constant moment region placed at a pitch of 127 mm (5 inch). The third series of tests 

included machine bolts in the holes of the beams used in the second series. The fourth 
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series included rivets instead of machine bolts used in the third series. It should be noted 

that the same girders were reused in each series oftests as they were not tested to failure. 

A second senes of tests were performed usmg the same cross-sectional dimensions 

however, the pitch of the holes was changed from 127 mm (5 inch) to 64 mm (2.5 inch). 

Midspan deflections and both the compression and tension flange stresses were recorded 

during each test. The following conclusions were derived based on the test results; 

• The measured flange stresses were well correlated with the calculated stresses 

established on the basis of moment of inertia of the gross cross-section. 

• The value of the effective moment of inertia was influenced by the rivet pitch and 

rivet diameter. 

• Strain measurements indicated that the neutral axis remained at the center of gravity 

of the gross cross section instead of the center gravity of the net cross section in all 

cases considered. 

• Midspan deflection calculated based on the gross moment of inertia had a good 

correlation with the measured test results. 

It should be noted that the plate girders used in this study utilized mild-carbon steel 

having a yield-to-tensile strength ratio of approximately 0.5. The holes in this test series 

removed only a maximum 23% of the gross tension flange area. Following this landmark 

study, the AISC (1963) specification allowed the use of gross moment of inertia except 

when the area of holes exceeded 15% (as a conservative) of the gross flange area, in 
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which case the area in excess of 15% must be deducted from the flange area to establish 

an effective flange area (Zahorsky, 1994). Some of the reasons given by AISC (1963) for 

using the 15% exemption rule were; [ 1] Plate girders including crane runways scarcely 

failed in the tension flange, but they usually failed in the compression flange and web, 

thus, the capacity of the section was to be determined based on the compression flange 

and web of the plate girder and [2] the flange area removed for rivet holes was normally 

less than 15% of the gross flange area and the friction within the tight rivet heads 

alleviates stress concentrations around hole region. However, the maximum exemption of 

15% was established considering the fact that friction may not be counted when there are 

many rivet holes across one cross-section. 

Kicinsky ( 1963) experimentally investigated the influence of flange holes on the flexural 

stresses of wide-flange beams. The effect of both open holes and holes in which rivets 

have been placed was investigated. A rolled beam, having flange width, flange thickness, 

web depth and web thickness of 175 mm, 10 mm, 380 mm and 7.5 mm, respectively, 

conforming to ASTM A7 steel was tested under working load condition. The experiment 

was limited to an investigation of three transverse sections of the beam; (1) a section 

containing rivets in both flanges, (2) a section which was entirely free of holes and (3) a 

section which initially contained holes in the tension flange and ultimately contained 

holes in both flanges. Figure 2.2 illustrates a photograph image of the test set-up. Since 

the beam loading was symmetrical, each of the sections was subjected to the same 
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bending moment, which produced stresses well within the elastic limit of the beam. The 

following conclusions were derived from the experimental test results; 

• although the maximum amount of holes of 23% of the gross flange area removed, 

no serious weakening of the beam occurs. 

• neither the holes containing rivets nor the open holes in the flanges produced any 

noticeable movement of the neutral axis. 

• the maximum flexural stresses predicted by AISC (1963) - based on the 15% 

exemption rule, agreed within 1.2% and 1.8%, respectively, of the experimental 

tensile and compressive stresses for the condition when holes occurred in only one 

flange; 2.1 % and 7.4% for the condition when holes occurred in both flanges. 

• the American Railway Engineering Association (AREA 1956) method, which used 

the gross section for the estimation of compressive stresses, predicted maximum 

compressive stresses agreeing within 0.5% of the experimental results. However, 

the tensile stresses as per the AREA (1956) method varied by a maximum of 15% 

as compared to the experimental results. 

• the flexural stresses determined by the theoretical method closely agreed with the 

AREA (1956) method. 

• the rivets in the compression flange were partially effective in transferring the 

flexural stresses. 
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Douty and McGuire (1965) studied the ultimate resisting moment of beams with fastener 

holes in both flanges. The main purpose of this study was to see if and under what 

conditions it is possible to develop the gross plastic moment of a beam having holes in 

both flanges. The test included beams with no holes (solid beam), beams with open holes 

in the flanges and spliced beams having a different number of standard fasteners. The 

W 41 OX54 beam sections conformed to ASTM A 7 steel possessing minimum specified 

yield and ultimate strengths of 230 MPa, 450 MPa, respectively (yield-to-ultimate 

strength ratio of 0.5). The fasteners used in this study conformed to ASTM A325 

material. As shown in Figure 2.3, the test beams were simply supported at both ends and 

loaded with two manually operated hydraulic jacks. Each beam was laterally braced at 

the reaction, loading and midspan locations. 

The test results indicated that all beam specimens reached a maximum moment which 

was equal to or slightly higher than the theoretical plastic moment, although the spliced 

beams had a maximum net flange area-to-gross flange area ratio of 77% (i.e., fastener 

holes removed 23% of the gross flange area). Moreover, it can be concluded from this 

study that, although the holes removed more than 15% of the gross flange area, the beam 

specimens capacity exceeded the theoretical gross-section plastic moment. Therefore, it 

was evident that the 15% exemption rule was more restrictive for steel grades such as 

ASTM A 7 steel having a yield-to-ultimate strength ratio of 0.5. 
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In 1971, Chen and Patel tested 12 full-scale beams in which four of the test specimens 

were bolted flange plate (BFP) connections. The beam specimens conformed to ASTM 

A572 Grade 55 steel material with the minimum specified yield and ultimate strengths of 

380 MPa and 485 MPa, respectively, resulting in a yield-to-ultimate strength ratio value 

of 0. 78. The fasteners conformed to ASTM A325 and A490 steels. In this literature, only 

the fully bolted beams were considered since the effects of holes on the flexural capacity 

of steel beams of particular interest. The test specimens designated as C6 and C7 in the 

original research (Chen and Patel, 1971), were considered to be small size joints that 

consisted of a W360Xl 10 (W14X74) beam and a W250X89 (W10X60) column section. 

The other two test specimens designated as CS and C9, represented a medium size joint 

in which each specimen had a W610X91 (W24X61) beam connected to a W14X136 (not 

available in metric scale) column. Specimen C6 and C7 were designed such that the top 

and bottom flange plates could develop the full plastic bending capacity of the girder. 

Eight 25 mm diameter A490 fasteners were used in these connections. The difference 

between specimen C6 and C7 was the shear resistance. Specimen C6 was a seated beam 

connection while specimen C7 was a shear tab design. Specimens C8 and C9 were 

designed to investigate the difference between a slip-critical design (C8) versus a 

connection designed for bearing strength of flange plate bolts (C9). All four bolted flange 

plate connections in this study were tested to failure by using a monotonically applied 

static load. The load was applied to the column while the other ends of the girders were 

pinned. The experimental results indicated that the beam sections under consideration 

reached their full plastic moment capacity, although the fastener hole removed 21 % of 
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the gross flange area. Therefore, it can be concluded that although the l S% exemption 

rule was violated in these tests, the flexural members attained their gross-section plastic 

moment capacity. Hence, the 1S% exemption rule was relatively restrictive even for 

ASTM AS72 Grade SS steel having a yield-to-ultimate strength ratio of 0.78. 

In 1994, Zahorsky conducted eight full-scale flexural tests to investigate the effect of 

holes in the flanges of steel beams on the moment capacity. All the beam specimens used 

in this study conformed to Grade SO steel with an average yield and ultimate strengths of 

34S MPa, 473 MPa, respectively, resulting in a yield-to-ultimate strength ratio of 0.73. 

The test program included two series of test beams. The first series included a standard 

wide flange cross-section with a cover plate added on the compression flange . The 

second series included similar beam sections those considered in the first series, but 

without a cover plate. The beam specimens were simply supported at the ends and two 

point loads were applied in the midspan. Beam specimens originally designated in this 

research work as B 1 through BS had the following dimensions; length of 6096 mm, 

flange width of 127 mm, flange thickness of 6.4 mm, web depth of 30S mm and web 

thickness of 3 .2 mm. Beam B6 had the same nominal cross-section as beams B 1 through 

BS, however, the length of the beam specimen was 7722 mm. The compression flanges 

of beam specimens B 1 through B6 included a cover plate having nominal dimensions of 

1S2 mm wide and 7.9 mm thick. Beam specimens B7 and B8 were tested with no cover 

plate. 
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Figure 2.4 illustrates the layout of the test set-up and the geometrical dimension of 

specimen B6. Specimens B 1 and B2 were tested as solid beams thus, acting as control 

beams. In specimens B3, B4 and BS, a set of two 17.S mm (11116 inch) diameter holes 

were placed in both flanges. As seen in Figure 2.4, specimen B6 had three sets of holes 

having the diameters of 14.3 mm (9116 inch), 17.S mm (11116 inch) and 20.6 mm (13/16 

inch) in both flanges. Specimen B7 had the same length and cross-section as beams B 1 

and B2 (control beam). Specimen B8 had a length of 6960 mm with two sets of 14.3 mm 

(9116 inch) and 17.S mm (11/16 inch) diameter holes in both flanges. Specimens Bl 

through BS were laterally supported at 2134 mm from the ends of the beam, whereas B6 

and B8 were laterally supported at 3023 mm and at 2S6S mm from the ends of each 

beam, respectively. Test results indicated that beam specimens Bl through B6 exhibited 

failure due to local buckling of the compression flange outside of the cover plated zone. 

Beam B7, with no cover plate, failed as a result of local flange buckling of the 

compression flange within the constant moment region. However, the failure of beam B8 

was triggered as a result of lateral torsional buckling. 

It was noted that the prediction of design moment as per the AISC-LRFD (1986) code 

provision, which employs the l So/o exemption rule, had good correlation with the test 

results (maximum variation 8%) than the AISC-LRFD (1994) code method (maximum 

variation 12%). Moreover, from the test results, Zahorsky (1994) recommended that the 

holes of normal size up to 30% of the gross flange area can be allowed for steel grades 

such as Grade SO. If the holes exceed 30% of the gross flange area, the effects of holes 
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may be treated similar to the AISC-LRFD (1994) code method, which will be given in 

the following section. Thus, the effect of holes can be ignored if 

(2.1) 

Otherwise, the effective flange area, A f e = SI 6(Fu I FY )A1n, shall be used to establish the 

net section properties. 

In 2002, Schneider and Teeraparbwong investigated the inelastic behavior of eight full

scale bolted flange plate connections. The specimens were designed to cause either 

inelastic behavior in the flange plates or in the girder beyond the flange plate connection. 

Accordingly, the specimens used in this study were designed to fail at different locations. 

As the focus of the current investigation is on the effects of flange holes on the flexural 

behavior of steel beams, here only specimens B2, B3 and BS were considered. These 

three specimens were designed to exhibit a failure through either net section of the 

flanges or gross section of the beam member by local instability. Specimen B2 failed due 

to ductile tearing through the flanges of the girder. It was noted in the paper (Schneider 

and Teeraparbwong, 2002) that the failure initiated at the net section of the row of bolts 

farthest from the face of the column flange. It should be noted that, although the fastener 

holes resulted in removal of 28% of the gross flange area of the girder, the specimen was 

able to reach a moment slightly higher than the gross-section plastic moment capacity. 

However, specimen B3 was designed to fail outside of the flange plate connection. 

Specimen B3 failed as a result of girder hinging, that is, the full gross area was effective. 

Specimen BS was designed similar to B3. However, the only difference was that 
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specimen B5 had a clamp plate, having a thickness of 25 mm, added to the last two row 

of the fasteners in the connection farthest from the face of the column flange. The 

addition of the clamp plate triggered the failure of specimen B5 due to local instability. 

Dexter et al., (2002) performed experimental investigations and analytical studies on 

axial tension members having various net area-to-gross area ratios and a flexural member 

made of HPS70W steel with a minimum specified yield strength of 480 MPa. The main 

objectives of this study were to: 

• examine the strength and ductility performance of tension members and the tension 

flange of a flexural member made of HPS70W steel (or equivalent to ASTM A 709 

Grade 70 steel) 

• verify the applicability of the AISC-LRFD (1999) code provisions dealing with the 

design of tension members and the design of flexural members having holes in the 

flanges made of HPS70W steel. 

The first phase of the study by Dexter et al (2002) included the testing and analysis of 

wide-plate specimens simulating the behavior of an axial tension member. The wide-plate 

specimens had the cross-section dimensions of 203 mm wide and 19 mm thick. In 

performing the wide-plate tests, various net area-to-gross area ratios were considered. 

The wide-plate test results were used to establish the factors that control the ductility of 

the tension members made of HPS70W steel in terms of the nominal net section fracture 

strength-to-nominal gross section yield strength, A fa Fu I A1gFy, ratio. Moreover, the 

tensile ductility of the wide-plates made of HPS 70W steel was compared with that of the 
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similar specimens made of HPS SOW steel (equivalent to the ASTM A709 Grade 50 

steel) exhibiting greater strain hardening potential and HPS 1 OOW steel possessing lower 

strain hardening potential. 

The second phase of Dexter' s study (2002) involved in the flexural testing of a girder 

with solid flanges. The girder featured a tension flange that was identical in cross

sectional dimensions to the wide-plate specimens. The notion of performing this flexural 

test was to compare the behavior of the tension flange with the behavior of the wide-plate 

specimens (tension member) and hence, to characterize the ductility demand associated 

with the tension flange in a flexural member. Conclusions drawn from this study 

included; 

• the flexural members made of Grade 50 steel had adequate ductility provided that 

the net area-to-gross area of the tension flange ratio was grater than or equal to the 

yield-to-ultimate strength ratio, (i.e ., A Ji' I A Jg 2 [FY IF,, ]) . 

• the flexural members made of HPS70W or higher strength steel such as ASTM 

A514 steel exhibited adequate ductility provided that A fii I A Jg 2 1.1[ FY I Fu] . 

The current AISC-LRFD (2005) code provision was revised and updated on the basis of 

Dexter's (2002) conclusions and recommendations. 

Yuan (2004) investigated the effects of different methods used to make holes (drilling, 

punching, flame cutting, etc) on the strength and ductility of steel plates and T-shaped 

specimens subjected to axial tension. The dimensions of steel plates were 1219 mm long, 
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76 mm wide and 12.7 mm thick. The holes diameters were 14.3 mm, 20.6 mm and 27 

mm, resulting in net area-to-gross area ratio values ranging between 64.6% and 81%. 

The steel plates conformed to ASTM A36 and ASTM A588 steel grades. The ASTM 

A36 steel had the measured yield and ultimate strengths of 326 MPa and 530 MPa, 

respectively, resulting in a yield-to-tensile strength ratio value of 0.62, whereas the 

ASTM A588 steel had the measured yield and ultimate strengths of 525 MPa and 591 

MPa, respectively, resulting in a yield-to-tensile strength ratio value of 0.89. 

The T-shaped specimens were obtained from W460X60 (W18X40) sections made of 

ASTM A992 steel grade having two different heat IDs (type-A and type-B). Type A of 

A992 steel had measured yield and ultimate strengths of 383 MPa and 469 MPa, 

respectively, resulting in a yield-to-tensile strength ratio of 0.82. Type-B of A992 steel 

had measured yield and ultimate strengths of 328 MPa and 447 MPa, respectively, 

resulting in a yield-to-ultimate strength ratio value of 0.73. As shown in Figure 2.5[A], 

the T-shaped specimens were bolted back-to-back to gusset plates which were clamped 

into the wedges of the test machine. The T-shaped specimen had a pair of 27 mm 

diameter holes at the mid-height resulting in a net flange area-to-gross flange area ratio of 

63% while the net area-to-gross cross-section area ratio was 68%. 

The test results indicated that the average strength ratio for all test specimens was 110% 

when compared to the ultimate strength of standard tensile coupons [(Pu I An) I Fu ] with a 

standard deviation of 6.7%. The comparison of test results on the basis of different steel 
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material indicated that the tension specimens made of ASTM A36 steel exhibited higher 

ductility. The T-shaped specimen made of ASTM A992 type-B material with a yield-to

tensile strength ratio of 0. 73 exhibited higher ductility than the ASTM A992 type-A steel 

specimen with a yield-to-tensile strength ratio of 0.82. This study also concluded that 

beam sections with the above steel grades may have sufficient ductility to develop the full 

plastic moment prior to tension flange fracture. This conclusion may be valid as long as 

the removal of hole area is less than 3 7% of the gross flange area. However, it is not 

appropriate to predict the ductility performance of a flexural member having holes in the 

tension flanges from the ductility performance of a direct tension member since the 

behavior of both members are considerably different due to the flange-web interaction. 

2.4 Flexural Members with Flange Holes: Code Provisions 

The earliest code provision on the flexural strength of steel beams with holes is due to 

American Railway Engineering Association (AREA 1910). According to this code 

provision, ''plate girders shall be proportioned either by the moment of inertia of their 

net section; or by assuming that the flanges are concentrated at their centers of gravity". 

This provision represented a general practice until it was superseded by the 1920 

specification, issued by the same organization. The 1920 specification stated: "plate 

girders shall be proportioned either by the moment of inertia of their net section 

including compression side; or by assuming that the flanges are concentrated at their 

centers of gravity". The difference between the 1910 and the 1920 code provisions was 

CHAPTER: 2 36 



that the latter definition seemed to consider net sections associated with both the tension 

and the compression flange. This clause was revised in the subsequent editions of AREA 

(1956) method. Accordingly ''plate girders, I-beams and other members subjected to 

bending that produces tension on one face, shall be proportioned by the moment of 

inertia method The neutral axis shall be taken along the center line of gravity of gross 

section. The tensile stress shall be computed from the moment of inertia of the entire net 

section and the compressive stress from the moment of inertia of the entire gross section" 

(AREA 1956). 

According to the first edition of the American Institute of Steel Construction (AISC) 

published in 1923, the flexural design of plate girders having rivet holes in the flanges 

and/or webs must be based on net sections (Galambos 1977). The next edition of the 

AISC (1936) however, permitted a designer to proportion a flexural member having holes 

in the flanges and/or webs based on the gross cross-section of the member. The revised 

version of the AISC specifications in 1961 however, allowed the use of the gross moment 

of inertia except when the area of the holes exceeded 15% of the flange area, in which 

case the area in excess of 15% must be deducted from the flange area to establish an 

effective flange area. The effective flange area is then used to calculate the effective 

moment of inertia. This provision was based in part on a research study performed on 

riveted plate girders by Lilly and Carpenter (1939). These were the historical code 

provisions for the flexural design of plate girders with holes in the early AISC 

specifications. 
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The first edition of the American Institute of Steel Construction-Load Resistance Factor 

Design was introduced in 1986 (AISC-LRFD 1986). According to this code provision, 

the 15% exemption rule had been used to take into account the effects of holes in the 

flanges of flexural members. In 1989, the ninth edition of the Allowable Stress Design 

version of the specification (AISC-ASD 1989) however, introduced revisions with regard 

to the design of flexural members having flange holes . Accordingly, the beams would 

still be proportioned by the moment of inertia of the gross section, but the holes in the 

flanges were treated in a completely different manner than any of the previous AISC 

specifications. The AISC-ASD (1989) specification introduced a mathematical formula 

based on the ratio of the fracture strength of the net flange area and the yield strength of 

the gross flange area to calculate an effective flange area. Accordingly, the AISC-ASD 

(1989) specification required no deduction for holes from the gross section of either 

flange provided that 

(2 .2) 

where A Jg is the gross flange area and A Jn is the net flange area (calculated on the basis 

of the specification for uniaxial tension members, Sections B 1 and B2), and FY and F,, 

are the yield and ultimate strengths of the flange material, respectively. However, if 

(2.3) 

the effective tension flange area (A Je ) is then calculated as 

(2.4) 
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According to Equation 2.1, AISC-ASD (1989) allows the use of larger holes in the 

flanges without penalty for the conventional steels such as ASTM A 7 and A36 steels 

having the yield-to-ultimate strength ratio of approximately 0.5 (equivalent to 40% 

exemption) than the previous specification using the 15% exemption rule. However, 

when using steel grades such as 350W steel, ASTM A992 and other higher grades of 

steel having a yield-to-ultimate strength ratio of more than 0.71, this equation allows 

smaller holes than the 15% exemption rule. It is pertinent to note that no experimental 

test results were noted to support the mathematical formula as given in Equations 2.2 and 

2.4, which was first introduced by the AISC-ASD (1989) specifications. 

It should be noted that Equation 2.1 was established based on the ratio of the fracture 

strength of the net area to the yield strength of the gross area for an axial tension member 

(section B 1 of the AISC specifications). According to the AISC-ASD (1989) standard, 

when dealing with an axial tension member, two major failure criteria need to be 

checked. The first is that the allowable stress for the yielding of gross cross-section shall 

not exceed 0.6FY while the second requires that the allowable stress for the fracture of 

net cross-section be less than 0.5Fu . If the behavior of the tension flange of a flexural 

member is identical to the behavior of an axial tension member when holes exist, a 

similar form of the criteria can be applied for the proportion of the flexural member with 

flange holes. However, it is pertinent to note that the relatively recent experimental 

studies have demonstrated that the behavior of an axial tension member is significantly 
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different than the behavior of the tension flange having holes (Dexter et al. , 2002 and 

Yuan, 2004). 

In 1994, the second edition of the AISC-LRFD code provision adopted a procedure 

similar to the AISC-ASD (1989) standard. Again, two failure criteria need to be checked 

for an axial tension member having holes. The first failure criteria requires that the 

stresses on the gross cross-section be less than 0.9FY while the second criteria requires 

that an average stress on the net section be less than 0.75F,,. According to the AISC

LRFD (1994) code provision, a flexural member having flange holes was treated in a 

similar way as an axial tension member having holes. Thus, no deduction shall be made 

for bolt or rivet holes in either flange provided that 

(2.5) 

where, A Jg is the gross flange area and A Jn is the net flange area, calculated on the basis 

of the specification for uniaxial tension members (Sections B 1 and B2). However, if 

(2.6) 

The member flexural properties shall be based on an effective tension flange area, 

Although the AISC-LRFD (1994) code provision employed different resistance factors; 

0.9 for the gross section yield strength and 0.75 for the net section fracture strength, from 

the AISC-ASD (1989) code provision, which applied the safety factors (0.6 for the gross 
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section yield strength and 0.5 for net section fracture strength) both code provisions 

yielded the same effective flange area (see Equations 2.3 and 2.6). The concern with the 

AISC-LRFD (1994) or AISC-ASD (1989) is complicated by the fact that these provisions 

had no published theoretical or experimental test data to support them other than the 

extrapolation from the provisions of the AISC specifications for direct axial tension 

members (Zahorsky 1994). Therefore, the AISC-LRFD (2005), which is currently in use, 

code provision was revised based on latest research studies (Dexter et al., 2002 and Yuan 

2004). A detail explanation pertaining to this code provision along with other 

international code provisions will be provided in Chapter 3. 
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1 Web Plate 12" x 5/16" 1 Web Plate 12" x 5/16" 1 Web Plate 12" x 5/16" 
4 Angles 2W' x 2%" x %" 4 Angles 2Y2" x 2%" x %" 4 Angles 2%" x 2%" x %" 
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2 Cover Plates 6" x %" 2 Cover Plates 6" x %" 
2 Cover Plates 8" x %" 

Figure 2.1: Typical Cross Sections of Test Specimens 
(Lilly and Carpenter, 1939) 

Figure 2.2: Photograph Image of Test Set-up (Kicinsky 1963) 
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Figure 2.5: Photograph Image of Test Set-up (Yuan 2004) 
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CHAPTER: 3 

REVIEW OF CODE PROVISIONS 

3.1 Introduction 

This chapter reviews five different international code provisions addressing the design of 

flexural members having holes in the flanges and /or webs. In this thesis report, unless 

otherwise specified, holes define open holes and fastener holes. The following five 

international standards are considered herein; 

• Canadian Standard-CAN/CSA-Sl6.01 (CSA 2003) 

• American Standard-AISC-LRFD (AISC 1999) 

• American Standard-AISC-LRFD (AISC 2005) 

• British Standard-BS5950-2000 (BSI 2001) 

• Australian Standard-AS4100-1998 (SA 1998) 

This chapter discusses how these standards differ from each other in attempting to 

account for the effects of flange holes on flexural strengths of steel beams. Also, the 

similarities between the standards in treating the effects of flange and/or web holes will 

be discussed. For the comparison, each standard will be applied to different practical 

scenarios. In general, beams with flange holes may fall into one of four different practical 
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scenanos. Depending on the field applications, each scenano can be categorized as 

follows; 

(a) Open holes in the tension flange only: this scenario represents field applications 

such as, (1) a supporting beam subjected to negative bending moment (hogging 

moment) in a roofing combination of open web steel joists with Gerber-girder 

system; (2) a connection with beam bearing on the bottom flange girder; (3) hanger 

type connections, etc. (see Chapter 1 for more details regarding these applications). 

(b) Open holes in the compression flange only: this type of practical scenario may arise 

in a supporting beam subjected to positive bending moment (sagging moment) in a 

roofing combination of open web steel joists with Gerber-girder system (see Figure 

1.5 in Chapter 1). 

( c) Open holes in both flanges : although this situation rarely arises, it may characterize 

a governing scenario in terms of strength and ductility of a flexural member. 

(d) Fastener holes in both flanges: this includes various practical applications such as 

different types of bolted connections in moment resisting frames, supporting beams 

in over-head cranes, beam-splice connections, bolted cover plate beams, etc. (see 

Chapter 1 for further details). 

In addition to the code provisions considered, this chapter includes a theoretical 

approach that may be used by a designer based on net section calculations. Thus, sample 

calculations (based on theory) will be provided in this chapter to establish the flexural 

strength of beams having flange holes. 
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3.2 Flexural Members 

As per the Canadian Steel Design standard-CAN/CSA-S16.01 (CSA 2003) a flexural 

member can be classified into four different classes; Class 1, Class 2, Class 3, and Class 

4. Such classification is based on the maximum width-to-thickness ratios of the 

component elements subjected to compression. Figure 3.1 shows the typical moment

rotation relationships for different classes of beam sections. Class 1 sections permit 

attainment of the plastic moment, MP , and subsequent redistribution of the bending 

moment, whereas Class 2 sections permit attainment of the plastic moment, MP , but 

need not allow for subsequent moment redistribution (CSA 2003). Class 3 sections 

permit attainment of the yield moment, MY . Class 4 sections generally have local 

buckling of elements in compression at low stresses and, thus, such sections fail at lower 

moment capacity prior to reaching yield moment capacity (see Figure 3.1). Most rolled 

and fabricated sections used as structural steel beams are Class 3 or better. 

According to the AISC-LRFD (2005) standard, steel sections are classified as compact 

sections, noncompact sections, or slender element sections. Compact sections are capable 

of developing a fully plastic stress distribution and they possess a rotation capacity of 

approximately 3 before the onset of local buckling (Yura et al., 1978). Noncompact 

sections can develop partial yielding in compression elements before local buckling 

occurs, but will not resist inelastic local buckling at the strain levels required for a fully 
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plastic stress distribution. Slender-element sections have one or more compression 

elements that will buckle elastically before the yield stress is achieved. Thus, Class 2 

sections (as per the CSA (2003) standard) can be referred to as compact sections. Class 3 

sections can be considered to be noncompact sections and Class 4 sections can be 

referred to as slender sections. Class 1 sections are called seismically compact sections in 

U.S .A codes. 

3.2.1 Moment Resistance of Steel Beams 

In addition to the compactness of the steel section, another important consideration for 

beam design is the lateral unsupported (unbraced) length of the member. However, when 

the compression flange of beams is adequately braced, the only stability limit state that 

prevents the attainment of maximum moment strength is the local buckling of the flanges 

and/or web plate elements. Local buckling can be prevented by limiting the slenderness 

of these component plates. The stress distribution on a typical wide-flange shape 

subjected to increasing bending moment is as shown in Figure 3.2. Under the action of an 

applied moment, the response of the beam can be divided into a number of stages as 

illustrated in Figure 3 .2. Initially the flexural member will behave elastically with stress 

variation, which is assumed to be linear from zero at the neutral axis to a maximum at the 

extreme fiber of the flanges (Stage 1 ). As the moment is increased, the extreme fiber of 

the flanges will begin to yield (Stage 2). As the moment is increased further , yielding will 

progress inwardly and some portions of the cross-sections would have yielded while 
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some portions adjacent to the neutral axis will remain in the elastic region (Stage 3). 

Beyond Stage 3, the most highly stressed regions will develop strains in excess of the 

yield strain, resulting in a local loss of stiffness. Moreover, the rotation of the beam 

member begins to increase rapidly. A further increase in the applied moment will cause 

this process to continue until the entire cross-section has yielded as shown in Stage 4. It 

should be noted that the stress distributions across the cross-section as illustrated in Stage 

4 represents an ideal stress distribution due to the fact that the stresses closer to the 

neutral axis never reach the yield strength. 

In theory, the moment at the onset of yielding is expressed as (Stage 2) 

My =SgFy (3.1) 

where Sg is the elastic section modulus about the axis of bending and FY is the minimum 

specified yield strength of the flange material. The subscript ' g ' denotes the gross

section. As the flexural member reaches the cross-section full plastic strength, the 

moment at this stage can be given as (Stage 4) 

MP =ZgFy (3.2) 

where Z g is the plastic section modulus of the gross-cross section. 
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3.2.2 Moment Resistance of Steel Beams with Flange Holes 

When a beam is proportioned on the basis of flexural strength of the gross section the 

presence of holes in the flanges and/or webs may reduce the flexural strength. The 

theoretical moment resistance of such beams can be established based on net section 

properties. A theoretical prediction of flexural strength depends on the position of the 

neutral axis of the net section. For instance, when holes exist in either the tension or the 

compression flange of a flexural member, the net section properties such as the elastic net 

section modulus and the plastic net section modulus may be established by considering 

the changes in the position of the neutral axis. However, when equal size holes occur in 

both the tension and compression flanges of a symmetric section, the position of the 

neutral axis of the net section remains at the neutral axis associated with the gross cross

section. When holes contain fasteners a designer may consider the following two 

different approaches (denoted herein as Theory 1 and Theory 2); 

Theory 1: as discussed, it is well understood that the effects of fastener holes in tension 

members is significant. Unlike member subjected to tension load, a compress10n 

members having fastener holes is designed on the assumption that its gross cross

sectional area will be effective in resisting the applied load. As the load is applied, the 

member will contract. Thus, it is assumed that the action of bolts in compression 

members is such that they replace the material removed for bolts. As such, Theory 1 

considers a movement of the neutral axis from the gross cross-section to the net cross

section provided that a section is symmetric about the axis of bending. 
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Theory 2: in contrast to Theory 1, Theory 2 considers that fasteners in the compression 

flange are not effective and are analogous to the tension flange having fastener holes. 

That is, the neutral axis of the net-section remains at the neutral axis of the gross cross

section provided that a section is symmetric about the axis of bending. 

However, in the past, the second approach has been traditionally practiced by design 

engineers as a conservative approach (Brockenbrough and Merritt, 1994). 

It is pertinent to note that the calculation of flexural strength based on the cross-section 

using the theoretical approach does not account for strain hardening potential in terms of 

yield-to-ultimate strength ratios of steel grades. In other words, a moment reduction 

associated with a particular amount of flange holes is the same for a beam made of any 

different steel grades. However, various international code provisions under 

consideration, except the current CSA (2003) code, establish the impact of holes on the 

flexural strength of a beam by accounting for its strain hardening potential in terms of the 

yield-to-tensile strength ratio. 

3.2.3 A Theoretical Approach: Sample Calculation 

This section presents sample calculations pertaining to the prediction of flexural strength 

based on a theoretical approach. The sample calculations were made on four different 

beam sections; W610Xl01, W410X54, W530X72 and W200X42. As per the CAN/CSA

S16.01 (CSA 2003) standard, the beam sections W610Xl01 and W200X42 are classified 
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as Class 1 while W410X54 and W530X72 are classified as Class 2 and Class 3, 

respectively. The nominal cross-sectional dimensions of the beam sections as given in 

CISC Handbook (2007) are presented in Table 3 .1. The gross cross-section properties 

such as the second moment of area (I g ), plastic section modulus ( Z g) and elastic section 

modulus ( S g) are also summarized in Table 3 .1. 

The ratio between hole area and gross flange area is defined as: 

(3.3) 

where Afh is the flange hole area and A Jg is the gross flange area. 

Here, sample calculation procedure pertaining to the theoretical approach is provided for 

beam sections; W610X101 (Class 1) and W530X72 (Class 3). The calculations are 

shown corresponding to ph =0.35 for the following two different cases; 

Case- I includes the beam sections having holes either in the tension or compression 

flange only. 

Case-2 involves the beam sections with holes in both flanges . 

Case-1: holes in one flange (tension or compression flange) 

a. Beam Section-W610XIOI (Class I-Steel Grade: FY= 350MPa) 

Plastic moment capacity of the gross cross-section, M P = ZgFy = 2900x103 x 350 

= 1015 kNm 
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Gross flange area, 

Hole area, 

Net flange area, 

A1g = 228xl4.9 = 3397 mm2 

Afh =ph A1g =0.35x3397= 1189mm2 

2 
A.fa= A1g-Afh = 3397-1189 = 2208 mm 

A shift in the position of the plastic neutral axis from gross cross-section to net cross-

section, y = Afg -Afn = 3397-2208 = 56_6 mm 
2w 2xl0.5 

The plastic section modulus of the net section, 

= 2517 x103 mm3 

Thus, the flexural strength of net cross-section, 

The moment ratio (net/gross) corresponding to ph =0.35, 

Mpn = 881 = 0_87 
MP 1015 

b. Beam Section-W530X72 (Class 3-Steel Grade: FY= 350MPa) 

Yield moment capacity of the gross cross-section, MY= SgFy = 1520x103x 350 

= 532 kNm 

Gross flange area, A1g = 207x10.9 = 2256 mm2 

Hole area, Afh =Ph A1g = 0.35 x 2256 = 790 mm2 

Net flange area, 
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A shift in the position of elastic neutral axis from the gross cross-section to the net cross-

section, 

y = 24.3 mm 

The second moment of area of the flange hole about the shifted neutral axis, 

I A (
t

2 
(d-t)

2 
-2 (d ) - ) 

jh = jh - + + y + -t y 
12 4 

= 62.3xl06 mm4 

The second moment of area of the net section, 

= 343x106 mm4 

Thus, the effective elastic section modulus of net section, S" ~ [ 1
" l - h t 

y +- +-
2 2 

=1221 x103 mm3 

where h is the height of the web and t is the flange thickness. 

Thus, the fl exural strength of net cross-section, 

= 427 kNm 

The moment ratio (net/gross) corresponding to P1i = 0.35 , 

M yn = 427 = O.SO 
M y 532 
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Case-2: Holes in Both Flanges 

a. Beam Section-W6JOXJOJ (Class 1) 

Net flange area, 2 A = A -A = 3397-1189 = 2208 mm Jn Jg fh 

Since the net-section is symmetry, y =0 

The plastic section modulus of net section, 

Thus, the flexural strength of net cross-section, Mpn = ZnFy = 2201x103x350 

= 770 kNm 

Thus, the moment reduction ratio corresponding to ph = 0.35, 

Mpn = 770 = 0.76 
Mp 1015 

b. Beam Section-W530X72 (Class 3) 

The second moment of area of the net-section, 

= 296 x106 mm3 

The elastic section modulus of net cross-section, 

= 30 x103 mm3 

The flexural strength of net cross-section, 

= 395 kNm 

Thus, the moment ratio (net/gross) corresponding to ph = 0.35, 
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M yn = 395 = 0.?4 
M y 532 

Figure 3 .3 shows the normalized moment capacity ( M pn I M P or M yn IM Y) versus the 

hole area-to-gross flange area ratio ( ph -in percentage). The variation of the moment 

reduction with increasing hole area to gross flange area was established on the following 

beam sections; W610Xl01, W200X42, W410X54 and W530X72. When holes occurred 

in one flange, the theoretical moment resistance was higher for Class 1 and Class 2 

section than Class 3 section (see Figure 3.3). However, when holes existed in both 

flanges, depending on the size of sections, relative moment reductions may be higher for 

Class 1 section than Class 3 section. For example, as seen in Figure 3.3 , beam section 

W200X42, which is Class 1 section, had higher moment reduction than beam section 

W530X72, which is Class 3 for the case where holes occurred in both flanges. This may 

be attributed to the fact that when holes occur in both flanges the neutral axis of the net 

section will remain at the neutral axis of the gross section provided that equal amount of 

holes were removed from both flanges. Thus, depending upon the distance (lever arm) 

between the stress resultants (due to compression and tension), the theoretical moment 

resistance may be higher for Class 3 (W530X72) section than Class 1 (W200X42) 

section. Note that W530X72 section ( d = 524mm) is approximately 2.5 times deeper 

than W200X42 section ( d = 205 mm). The theoretical moment capacities at 50% holes to 

the gross flange area were compared for four different beam sections considered. As 

indicated in Figure 3.3 , for the case where holes occurred in one flange of beams 
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W610X101, W200X42 and W410X54, the moment capacities were of 80%, 79% and 

71 % of the full cross-section plastic moment capacity, respectively. Beam W530X72, 

which is Class 3 section, had 69% of its yield moment capacity of the gross cross-section. 

When 50% holes to the gross flange area of beam sections W610X101, W410X54 existed 

in both flanges, the moment capacities were 66% and 64% of their full cross-section 

plastic moment capacity, respectively. Beam section W530X72 having 50% holes to the 

gross flange area in both flanges had 63% of its gross cross-section yield moment. 

However, beam section W200X42 (test beam) having 50% holes of the gross flange area 

had 57% of its full cross-section plastic moment capacity. Therefore, it can be reasonably 

concluded that the impact of holes on compact sections having relatively small sectional 

properties, such as the test beam used in this investigation, is higher than the sections 

with larger sectional dimensions. Hence, beam sections, such as the test beam, may serve 

to represent a governing scenario dealing with the effects of flange holes on flexural 

capacity. 

3.3 Code Provisions - An International Perspective 

This section reviews five different international code provisions addressing the issue of 

flexural members having holes in the flanges. In this thesis document, unless otherwise 

indicated, holes mean open holes and fastener holes. Each of the code considered permits 

a certain amount of holes in the flanges of a flexural member such that the member can 

be proportioned on the basis of gross cross-section strength. The amount of holes 
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permitted in codes is termed here as the "threshold value of holes". If the removal of 

flange material for holes exceeds the threshold value, different international code 

provisions also provide different design procedures to establish a design moment. 

3.3.1 Canadian Steel Design Code - Limit States Design of Steel Structures: 

CAN/CSA-Sl6.01 (CSA 2003) 

Clause 14.1: Proportions of beams and girders 

"Beams and girders consisting of rolled shapes (with or without cover plates), hollow 

structural sections, or fabricated sections shall be proportioned on the basis of the 

properties of the gross section or the modified gross section. No deduction need be made 

for fastener holes in webs or flanges unless the reduction of flange area by such holes 

exceeds 15% of the gross flange area, in which case the excess shall be deducted. The 

effects of holes other than holes for fasteners shall be considered in accordance with 

Clause 14. 3. 3 ". 

According to the clause 14.1 of the current CSA (2003) code provision, fastener holes up 

to 15% of the gross flange area can be ignored. If the fastener holes constitute more than 

15% of the gross flange area, then the area removed in excess of 15% shall be deducted 

in establishing the effective section properties. The current CSA (2003) code provision 

differentiates the effects of fastener holes from the effects of open holes, in which case 

the net-section shall be considered regardless of the size of the holes. In other words, no 
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exemption is permitted for holes other than fastener holes. Moreover, the CSA (2003) 

code provisions do not differentiate between the tension flange and the compression 

flange. 

Design procedure for flanges having more than 15% of fastener holes 

Fastener holes in both flanges: 

If fastener holes area is more than 15% of the gross flange area, the net section properties 

shall be established as follows; 

Step 1: calculate the fastener hole area = A fh 

Step 2: establish the fastener hole area-to-gross flange area ratio, ph = A fh I A Jg 

Step 3: establish the plastic and elastic section modulus based on the assumption that 

equal size fastener holes are provided in both flanges. 

Thus, the plastic section modulus of net section based on fastener holes area in 

excess of 15%, can be expressed as; 

(3.4) 

where Z g is the plastic section modulus of the gross-section, A Jg is the gross flange area, 

d and t are the web-depth and flange-thickness, respectively. 

The corresponding elastic section modulus of net section can be expressed as; 

S -S -A ( _2)((d-t)2 J 
n - g Jg Ph 100 d (3.5) 

where S g is the elastic section modulus of the gross-section. 
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Note that Equation 3.5 is established based on the assumption that the second moment of 

area of fastener hole area itself is negligible in comparison with the second moment of 

area of the fastener hole area about the neutral axis of the net section of a beam section 

(Vinnakota 2006). This ignorance will result in an error in the order of ( t 2 I 6d ). 

Open holes in one flange (tension or compression flange): 

The CSA (2003) code provision stipulates that the effects of holes other than fastener 

holes shall be treated in accordance with Clause 14.3.3. Accordingly, the section 

properties shall be established based on net section calculation. Thus, the plastic section 

modulus of net section can be expressed as; 

(3.6) 

where y is the movement of neutral axis from the gross cross-section to net cross-

section. 

The elastic section modulus to the flange with holes can be expressed as; 

(3.7) 

where I g is the second moment of area of gross cross-section, I Jh is the second moment 

of area of flange holes about the neutral axis of net section and Ag is the gross cross-

section area. 
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Open holes in both flanges: 

According to the CSA (2003) code provision, the effective section properties shall be 

established based on net section calculation. Thus, for sections with open holes in both 

flanges, the plastic section modulus of net section can be expressed as; 

(3.8) 

The elastic section modulus of net section can be expressed as; 

(3.9) 

Note that Equations 3.8 and 3.9 are valid only if the cross-section is symmetric about the 

axis of bending and an equal amount of holes exist in both flanges. 

3.3.2 American Steel Design Code - LRFD Specifications for Structural Steel 

Buildings (AISC-LRFD 2005) 

F13.1 Hole Reductions 

"This section applies to rolled or built-up shapes, and cover-plated beams with holes, 

proportioned on the basis of flexural strength of the gross section. In addition to the limit 

states specified in other sections of this Chapter, the nominal flexural strength, Mn, shall 

be limited according to the limit state of tensile rupture of the tension flange". 

According to the current AISC-LRFD (2005) code prov1Slon, the effects of holes, 

regardless of the type of hole (whether open holes or fastener holes), shall be taken based 
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on a comparison between the nominal fracture strength of net section and the nominal 

yield strength of gross section of the tension flange . The commentary of the AISC-LRFD 

(2005) standard reveals that if the holes are sufficient to affect the member strength, the 

critical stress is adjusted from FY to F,, (A Jn I A Jg ) and this value is conservatively 

applied to the elastic section modulus of the gross cross-section ( Sg ). The AISC-LRFD 

(2005) code provision does not identify the effects of holes that may occur in webs, 

although the impact of holes in the webs may not be significant in determining the 

flexural strength. It is well understood that the flanges of a beam carry bending moment 

while the webs carry shear. As stated earlier, the current AISC-LRFD (2005) was revised 

based on the design recommendations suggested by Dexter et al., (2002) and Yuan 

(2004) who carried out tests on wide flange plates, T-shaped specimens having different 

percentages of hole openings. Therefore, by considering the origin of this code provision 

as well as by comparing the moment reductions (beyond a threshold value) with the other 

international standards, it can be reasonably concluded that the current AISC-LRFD 

(2005) applies to flexural members having open holes in both flanges. 

Design procedure for flanges with holes exceeding a threshold value 

Fastener holes in both flanges: 

As per the AISC-LRFD (2005) code provision, the nominal flexural strength, M n, shall 

be limited on the basis of the limit state of tensile rupture of the tension flange . 

Accordingly, the design moment at the hole location can be established as follows . 
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Step 1: the limit state of tensile rupture does not apply if Fu A 1;, ~ r; A Jg FY. r; = 1.0 for 

FY IF,,~ 0.8 and 1.1, otherwise. In this case, the section can be designed to carry its full 

flexural strength capacity thus, Mn =MP. 

Step 2: if Fu A Jn < r; A Jg FY, the nominal flexural strength, Mn , at the location of the holes 

in the tension flange shall not be taken greater than: 

(3.10) 

where FY and Fu are the yield and ultimate strengths of the flange material, respectively, 

Atn and AJg are the net area and gross area of the tension flange, respectively, r; is the 

yield-to-ultimate strength ratio and S g is the elastic section modulus of the gross cross-

section. 

Holes in one flange (tension or compression flange): 

According to the current AISC-LRFD (2005) code provision, the limit state of tension 

rupture shall be applied when holes exist in the tension flanges. Thus, the effects of holes 

in the tension flange shall be ignored if Fu A Jn ~ r; A Jn FY, otherwise, the net section 

properties in terms of the plastic section modulus (Zn) and the elastic section modulus 

(Sn) shall be established as per Equations 3.6 and 3.7, respectively. The current AISC-

LRFD (2005) code does not provide any specific procedure for establishing the flexural 

strength of a beam when holes occur in the compression flange exclusively. Therefore, in 
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such a situation, the only design option available for a designer is to establish the design 

moment based on net section. Accordingly, Equations 3.6 and 3.7 can be used to establish 

the effective section properties in terms of plastic section modulus (Zn) and the elastic 

section modulus (Sn), respectively. 

Holes in both flanges: 

As discussed, the AISC-LRFD (2005) code provision treats the effects of the presence of 

fastener holes and open holes in a similar manner. Thus, when holes occur in both flanges 

of a flexural member, a similar design procedure as explained for the case where fastener 

holes occur in both flanges, can be adopted. Thus, use Equation 3 .10 if F,, A Jn < r: A Jg FY. 
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3.3.3 American Steel Design Code - LRFD Specifications for Structural Steel 

Buildings (AISC-LRFD 1999) 

BlO. Proportions of beams and girders 

"When rolled or welded shapes, plate girders and cover-plated beams are proportioned 

on the basis of flexural strength of the gross section: (a) If 0.75FuAfn ~ 0.9FYAfg, no 

deduction shall be made for bolt or rivet holes in either flange and (b) If 

0.75FuAfn < 0.9FYAfg, the member flexural properties shall be based on effective tension 

flange area which is given by A fe = ( 5 I 6)( FY I Fu )A Jn and the maximum flexural strength 

shall be based on the elastic section modulus". 

The AISC-LRFD (1999) code provision predicts the flexural strength of the net section 

based on the ratio of the factored fracture strength (0.75A1nFu) of net section-to-the 

factored yield strength of the gross section ( 0.9A1gFy) of the flange. For a particular steel 

grade having a yield-to-ultimate strength ratio of less than 0.8, the current AISC-LRFD 

(2005) allows 20% more holes that can be exempted without reducing the flexural 

strength of a beam member over the AISC-LRFD (1999) code. Moreover, the AISC

LRFD (1999) considers the behavior of tension flanges similarly to that of direct tension 

members by applying the same limit state (0.75FuAfn ~ 0.9FYAfg) for both cases. 

However, various research studies have indicated that the behavior of the tension flange 

(in a flexural member) is not same as the behavior of a direct tension member (Dexter et 
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al, 2002 and Yuan 2004). The current AISC-LRFD (2005) has been modified based on 

the findings of Dexter et al., (2002) and Yuan' s (2004) study. Therefore, the AISC-LRFD 

(2005) treats the behavior of tension flanges completely different from direct tension 

members by specifying two different limit states. 

Design procedure for flanges with holes exceeding a threshold value 

Fastener holes in both flanges : 

According to the AISC-LRFD ( 1999) code provision, when fastener holes occur in either 

flanges of a flexural member, the effects of such holes can be ignored as long as 

0.75F,,A1;, 2:: 0.9FYAfii. Otherwise, the section properties shall be established on the basis 

of the effective tension flange area which is defined as follows ; 

(3 .11) 

Hence, the elastic section modulus of net section can be determined as (Vinnakota 2006) 

(3.12) 

Holes in one flange (tension or compression flange): 

As per the AISC-LRFD ( 1999) code provision, the limit state of net area fracture shall be 

applied to either flange . Thus, the effects of holes in the tension flange can be ignored if 

0.75F,,A1n 2:: 0.9FYAfg . Otherwise, the elastic section modulus of the net section shall be 

established based on Equation 3.7, regardless of the section compactness. That is, the 

elastic section modulus shall be used for compact and non-compact sections. 
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Holes in both flanges: 

Clause B 10 of the AISC-LRFD ( 1999) code provision differentiates the effects of open 

holes from the effects of fastener holes, in which the holes contain bolts or rivets. 

Therefore, when open holes exist in both flanges of a flexural member the section 

modulus of the net section must be established by using Equation 3.9. The only 

difference between Equation 3.9 and Equation 3.12, which is used for fastener holes, is 

that the latter equation considers the added benefit of the presence of fasteners inside the 

holes by employing an effective flange area. The effective flange area is greater than the 

net flange area for steel grades having a yield-to-ultimate strength ratio of less than 0.83 

(see Equation 3.11). 

Clause B 10 of the AISC-LRFD ( 1999) dealing with the proportion of flexural members 

having fastener holes in the flanges has already been revised in the AISC-LRFD (2005). 

The purpose of reviewing this standard however, was to analyze and compare it with the 

corresponding design clause appears in the current AISC (AISC-LRFD 2005) standard. 

Also, it was to compare with the other corresponding international code provisions. 
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3.3.4 British Standard Steel Design Code - Structural Use of Steelwork in 

Building-BS5950-2000 (BSI 2001) 

Clause 4.2.2.5 - Proportions of beams/girders 

"No allowance need be made for bolt holes in a compression flange (or leg). No 

allowance need be made for bolt holes in a tension flange (or leg) if, for the tension 

element, Ar ,ner ~ A 1 I K e, where A 1 is the area of the tension element, A1,ne1 is the net area of 

the tension element after deducting bolt holes, and Ke is the factor for effective net area 

given in 3. 4. 3. No allowance need be made for bolt holes in tension zone of the web 

unless there are also bolt holes in the tension flange at the same location. Furthermore, 

no allowance need be made for bolt holes in a web if the condition given above is 

satisfied when both A 1 and Ai,net are based upon the complete tension zone, comprising the 

tension flange plus the tension zone of the web ". 

The BS5950 (BSI 2001) code provision clearly recognizes the effects of fastener holes . 

Also, it provides a clear explanation on treating the compression flange and the tension 

flange differently when fastener holes are present. Unlike the AISC-LRFD (2005) code 

provision, the BS5950 (BSI 2001) code provision includes the treatment of fastener holes 

when they occur in the webs (within the tension zone) of a flexural member. Moreover, 

the BS5950 (BSI 2001) code provision considers an added benefit of having fasteners 

inside the holes by invoking an effective tension flange area, which is always greater than 

the net flange area for steel grades having a yield-to-ultimate strength ratio less than 0.83 . 
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This is similar to the AISC-LRFD (1999) code provision. To be consistent with the 

previous equations, At,nel' A1 and Aeff used in the BS5950 (BSI 2001) code provision 

have been replaced with A Jn , A Jg and A Je, respectively in the following discussion. 

Design procedure for flanges with holes exceeding a threshold value 

Fastener holes in both flanges: 

According to the BS5950 (BSI 2001) code provision, when fastener holes occur in either 

the tension or the compression flange, the effects of fastener holes can be ignored in the 

tension flange if Afi, ~ AJg I K •. Otherwise, the section properties shall be established 

based on the effective tension flange area. The effective tension flange area in accordance 

with the BS5950 (BSI 2001) code provision is expressed as 

(3 .13) 

The effective net area coefficient, K., is defined as 

(3.14) 

where Fu is the minimum specified ultimate strength and FY is the design yield strength. 

Additionally, the BS5950 (BSI 2001) standard specifies different values of Ke for 

different steel grades; (1) for grade S275 : Ke =1.2, (2) for grade S355 : Ke =1.1 , and (3) 

for grade S460: Ke =1.0. Note that Equation 3.14 can be used to determine Ke for any 

type of steel grade. If the tension fracture limit state is violated, the net section properties 
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m terms of the plastic section modulus and the elastic section modulus shall be 

established as follows 

(3.15) 

(3.16) 

where I f he is the second moment of area of the effective flange when holes are filled with 

fasteners, A fhe = A Jg - A fe . 

Holes in one flange (tension or compression flange): 

As per the BS5950 (BSI 2001) code provision, the effects of holes other than fastener 

holes shall be accounted based on the net section calculations. Therefore, the effective 

section properties in terms of the plastic section modulus and the elastic section modulus 

can be established by employing Equations 3.6 and 3.7, respectively. 

Holes in both flanges: 

In this case, the section properties shall be established based on net section calculations. 

Therefore, the plastic section modulus and the elastic section modulus of the net section 

can be established by employing Equations 3.8 and 3.9, respectively. 
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3.3.5 Australian Steel Design Code - Steel Structures - AS4100 - 1998 (SA 1998) 

Clause 5.2.6: Proportions of beams/girders 

Elastic and plastic section moduli-for sections without holes, or for sections with holes 

that reduce either of the flange areas by not more than 100{1-(FY/ 0.85FJ}%, the 

elastic and plastic section moduli may be calculated using the cross-section. For sections 

with holes that reduce either of the flange areas by more than 100{1-(FY/ 0.85F,,)}%, 

the elastic and plastic section modules shall be calculated using either (A ,/Ag) times the 

value for the gross section, in which An is the sum of the net areas of the flanges and the 

gross area of the web, and Ag the gross area of the section; or the net section. 

The AS4100 (SA 1998) code provision treats the effects of open holes and fastener holes 

in an identical manner which is analogous to the AISC-LRFD (2005) code provision. The 

AS4100 (SA 1998) code provision recognizes the effects of holes in the web which is 

similar to the BS5950 (BSI 2001) code provision. The AS4100 (SA 1998) code provision 

accounts for the effects of holes in the whole web, whereas the BS5950 (BSI 2001) code 

considers the presence of holes in the web in the tension zone. Comparable to the AISC

LRFD ( 1999) code method, the AS4100 (SA 1998) code provision applies the limit state 

of net area fracture to either flange. 
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Design procedure for flanges with holes exceeding a threshold value 

Fastener holes in both flanges: 

As per the AS4100 (SA 1998) code provision, no deduction for fastener holes shall be 

made if the following condition is satisfied; 

A > Y A 
[ F J Jn - 0.85Fu jg 

(3 .17) 

If the condition is violated, A Jn < [ FY JA Jg , the net section properties in terms of the 
0.85Fu 

plastic section modulus and the elastic section modulus shall be established as 

(3.18) 

(3.19) 

where A1;, is the net section area of the tension or compression flange, Awg is the gross 

area of the web if the web has no holes and Ag is the gross cross-section area. Equations 

3 .18 and 3 .19 are based on the assumption that A Jn is equal for the tension and the 

compression flange . 

Holes in one flange (tension or compression flange): 

When holes occur either in the tension or in the compression flange, the limit state of net 

section fracture shall be applied as provided above. Otherwise, the net section properties 

in terms of the plastic and elastic section modulus shall be established as follows 
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(3 .20) 

(3.21) 

where A18 is the gross-area of the flange with no holes and A1n is the net area of the 

flange with holes. 

Holes in both flanges: 

Since the AS4 100 (SA 1998) code provision treats the effects of fastener holes analogous 

to that of open holes, the design procedure associated with this case is the same as the 

design procedure associated with the case where fastener holes occur in both flanges. 

3.4 "Threshold Values of Holes" for Different Steel Grades 

The review of various international code prov1s10ns presented above indicates that 

fastener holes in the flanges of flexural members are of concern beyond a certain limit. 

Each of the standards considered establishes a threshold value pertaining to the amount of 

fastener holes that can be permitted without affecting the flexural strength of the gross 

cross-section. The current AISC-LRFD (2005) and the AS4100 (SA 1998) code 

provisions deal with fastener holes and open holes in the flanges in a similar manner, 

whereas the CSA (2003) and the BS5950 (BSI 2001) code provisions treat fastener holes 

differently than open holes in the flanges . Nevertheless, the design clauses in accordance 
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with the AISC-LRFD (2005), AISC-LRFD (1999), BS5950 (BSI 2001) and AS4100 (SA 

1998) standards establish a threshold value based on the yield-to-ultimate strength ratio 

of a steel grade. In regards to the threshold value, the CSA (2003) code permits a fixed 

15% exemption for fastener holes irrespective of the material characteristics in terms of 

the yield-to-ultimate strength ratio. 

Table 3.2 presents the flange hole exemption limits (threshold value) for different steel 

grades based on different standards. This table includes traditionally used steels such as 

mild carbon and A36 steel as well as the currently used steels; 350W, ASTM A572 Grade 

60, ASTM A992, ASTM A913 Grade 50, A913 Grade 65 and HPS 70W. The ranges of 

yield strength, ultimate strength and resulting yield-to-ultimate strength ratio values for 

each steel grade considered are also provided in this table. 

It can be observed from Table 3.2 that the CSA (2003) code provision is more restrictive 

for the mild carbon and ASTM A36 steels when compared with other code provisions. 

Conversely, the CSA (2003) code may be unconservative for steels such as ASTM A992, 

A913 Grade 50 and 65 , HPS 70W, which are currently in use, in comparison with other 

code provisions. The old version of the AISC-LRFD (1999) code, the BS5950 (BSI 

2001) code and the AS4100 (SA 1998) code provisions establish a similar threshold 

value for the same steel grades. However, the current AISC-LRFD (2005) code provision 

relaxes the threshold value so that larger flange holes may be provided without penalizing 

the gross cross-section moment capacity. Note that the current AISC-LRFD (2005) code 
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has been revised based on the recent tests on tension members and flexural members 

made of HPS 70W steel (Dexter et al, 2002) as well as tension members and T-shaped 

specimens made of A992 steel (Yuan, 2004). These test results has yielded a conclusion 

that the flexural strength on net section can be better predicted by a comparison of 

quantities; A18 F Y andA1nFu. This is true for steel grades having FY I Fu ~ 0.8 . For 

FY I Fu > 0.8 , the A Jn Fu is multiplied by a factor I: =1 .1. This implies that smaller holes 

will be allowed in flanges made of steel grade having FY I F,, > 0.8 over the similar 

flanges made of steel with FY I Fu ~ 0.8. Nevertheless, the current AISC-LRFD (2005) 

allows relatively larger holes that can be made in the flanges without impacting the cross

section strength than other code provisions considered. 

3.5 Moment Resistance of Beams with Flange Holes: Comparison of 

Code Provisions 

In order that different code provisions may be compared, the variation of the normalized 

moment with increasing percentage of holes with respect to the gross flange area was 

established in accordance with various standards under consideration. The beam sections 

under consideration were; W610X101, W410X54 and W530X72, classified as Class 1, 

Class 2 and Class 3, respectively as per the CSA (2003) standard. The moment was 

normalized with respect to the plastic moment capacity for Class 1 and Class 2 sections 

and the yield moment capacity for Class 3 section. In order to depict how each code 
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provision takes into account of the strain hardening potential of steel grades, two different 

steel grades 350W and A992 steels with yield-to-ultimate strength ratio values of 0.78 

and 0.85 , respectively, were assumed. Moreover, the practical scenarios such as (1) 

fastener holes in both flanges (2) open holes in one flange (tension flange or compression 

flange) and (3) open holes in both flanges were considered in this study. 

3.5.1 Fastener Holes in Both Flanges 

Figures 3.4[A] through 3.4[F] illustrate the normalized moment versus the percentage 

fastener hole area-to-gross flange area for beam sections W610X101 (Class 1), W410X54 

(Class 2) and W530X72 (Class 3). The moment resistances were established on the basis 

of five different code provisions considered and theoretical calculations (see section 

3.2.3). These figures correspond to 350W steel having yield-to-ultimate strength ratio of 

0.78. The figures on the left side compare the CSA (2003) with the AISC-LRFD (2005 

and 1999) codes while the figures on the right side compare the CSA (2003) with the 

BS5950 (BSI 2001) and the AS4100 (SA 1998) codes for three different classes of 

sections considered. For Class 1 and Class 2 sections, the AISC-LRFD (1999) predicted 

lower moment resistance than the other code methods beyond ph ~ 6.4%. This is due to 

the AISC-LRFD (1999) requirement that the flexural strength on the net section be 

established based on elastic section modulus, regardless of the section compactness 

(Vinnakota 2006). For the same steel, the AISC-LRFD (2005) allows fastener holes up to 

22% of the gross flange area without penalizing the full plastic gross cross-section 
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capacity. Beyond 22%, the variation of moment reduction with increasing ph as per the 

AISC-LRFD (2005) was relatively steeper than the variation of moment reductions based 

on the other design standards. This may be attributed to the fact that the AISC-LRFD 

(2005) adjusts the failure stress from FY to Fu(A1n I A1g) and applies this stress value 

conservatively to the elastic section modulus, regardless of the section compactness, 

beyond a threshold limit. This is comparable to the AISC-LRFD (1999) code provision. It 

is of interest to note that, for Class 1 and Class 2 sections, all code methods, except the 

AISC-LRFD (1999), allowed higher moment resistance than Theory 2. This is true up to 

ph = 30%. For Class 3 section however, Theory 2 established a moment resistance lower 

than the code methods (see Figures 3.4[E] and 3.4[F]). Moreover, for Class 1 and Class 2 

sections, the variation of moment resistance as per the AS4100 (SA 1998) closely agreed 

with the variation of the average moment resistance determined based on Theory 1 and 

Theory 2. This is as a result of the effective section modulus as per the AS4100 (SA 

1998) method being estimated by considering the proportion of the net flange areas plus 

gross web area to the gross cross-section area (see Equation 3.18). The variation of 

moment resistance determined on the basis of the CSA (2003) and the BS5950 (BSI 

2001) were relatively close to each other up to ph = 30% for Class 1 and Class 2 sections. 

For ph >30%, the BS5950 (2001) allowed higher moment on the net section than the 

other code methods considered (see Figure 3.4[A] through 3.4[D]). However, for Class 3 

section the AISC-LRFD (2005) permitted relatively higher moment resistance than the 
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other codes. This was true up to ph ~ 32%. For ph >32%, the CSA (2003) allowed higher 

moment resistance on net section (See Figures 3.4[E] and 3.4[F]). 

Figures 3.5[A] through 3.5[F] show the normalized moment versus the percentage 

fastener hole area-to-gross flange area for three different classes of sections made of 

A992 steel having FY I Fu =0.85. For Class 1 and Class 2 sections, the CSA (2003) 

permitted higher moment than the other code methods. This was true for fastener holes 

up to 35% (see Figures 3.5[A] through 3.5[D]). Beyond 35%, the BS5950 (BSI 2001) 

allowed higher moment resistance over the other code methods and theoretical 

estimations. For Class 3 section, however, the CSA (2003) predicted higher moment for 

ph = 45% (see Figures 3.5[E] and 3.5[F]). As seen in Figures 3.5[A] through 3.5[F], the 

BS5950 (BSI 2001) had good correlation with Theory 1. 

3.5.2 Open Holes in Both Flanges 

The clause 14.1 of the CSA (2003) standard stipulates that the effects of holes other than 

fastener holes shall be accounted on the basis of net section calculations. Thus, no 

exemption is allowed for such holes. Comparable to the CSA (2003) standard, clause 

4.2.5.5 of the BS5950 (BSI 2001) standard takes into account the effects of fastener holes 

only. Therefore, the effects holes other than fastener holes shall be established by the 

theoretical net section calculations as per the BS5950 (BSI 2001) code provision. 

However, the AISC (AISC-LRFD 2005) standards including the old version (AISC-
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LRFD 1999) treat the effects of open holes and fastener holes in an identical manner. 

Also, the AS4100 (SA 1998) considers the effect of fastener holes and that of open holes 

in the same manner. 

Figures 3.6[A] through 3.6[F] present the variation of normalized moment versus the 

percentage of open holes to the gross flange area (in both flanges) for the 350W steel 

grade having FY I F,, =0.78. As seen in Figures 3.6[A] and 3.6[C] relating Class 1 and 

Class 2 sections, respectively, Theory 2 established a lower moment than the AISC

LRFD (2005). This was true for ph :::::::30%. For ph >30%, Theory 2 predicted higher 

moment than the AISC-LRFD (2005). In all ranges of the percentage of holes considered, 

the AS4100 (SA 1998) predicted higher moment than Theory 2 for Class 1, Class 2 and 

Class 3 sections (see Figures 3.6[B], 3.6[D] and 3.6[F]). As seen in the figures, the AISC

LRFD (1999) was excessively conservative over the other codes and Theory 2 for Class 1 

and Class 2 section beyond ph =6.7%. 

Figures 3.7[A] through 3.7[F] illustrate the normalized moment versus the percentage of 

holes to gross flange area in both flanges of beam sections W610X101 (Classl), 

W 41 OX54 (Class 2) and W530X72 (Class 3). These figures relate A992 steel grade 

having FY I Fu =0.85. For Class 1 and Class 2 sections, the AISC-LRFD (2005) predicted 

higher moment over all other standards and Theory 2 for ph =6.5%. However, for 

Ph >6.5%, Theory 2 predicted higher moment than the AISC-LRFD (2005). For Class 3 
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section, the AISC-LRFD (2005) allowed higher moment than Theory 2 for ph =22% (see 

Figure 3. 7[E]). For all three classes considered, the AS4 l 00 (SA 1998) established higher 

moment than the AISC-LRFD (2005) and Theory 2. Since the CSA (2003) and the 

BS5950 (BSI 2001) treat the effects of open holes based on net-section calculations, they 

just follow Theory 2. 

3.5.3 Open Holes in One Flange (Tension Flange or Compression Flange) 

Figure 3.8[A] through 3.8[F] present the variation of normalized moment versus 

percentage of hole area to gross flange area for beams W610X101 (Classl), W410X54 

(Class 2) and W530X72 (Class 3). These figures correspond to 350W steel grade having 

FY I Fu =0.78. It can be noted (from these figures) that the AISC-LRFD (2005) required 

no moment reduction for ph =22%. The previous version of the AISC code (AISC-LRFD 

1999), however, required no moment reduction for ph =6. 7% for the same steel grade. 

For ph >22%, the AS4100 (SA 1998) predicted higher moment than the other code 

methods and Theory 1. 

Figures 3.9[A] through 3.9[F] show the variation of normalized moment versus 

percentage of holes to gross flange area (in one flange). These figures relate A992 steel 

grade having FY I F,, =0.85. As seen in these figures, the AISC-LRFD (2005) required no 
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moment reduction for p 11 =6.5%. For ph >6.5%, the AS4100 (SA 1998) predicted slightly 

higher moment over the other codes and Theory 1. 

3.6 Summary 

The following points summarize the discussions pertaining to the review of five different 

code provisions along with the net section calculations based on bending theory; 

• Comparison of different standards indicated that the 15% exemption rule as per the 

current CSA (2003) standard was more restrictive for steel grades having yield-to

ultimate strength ratio values less than 0.8 . However, it may be unconservative for 

steel grades having yield-to-ultimate strength ratio values greater than 0.8 (see 

Table 3.2). 

• Comparison of the current and the previous provisions of the AISC (AISC-LRFD 

2005 and 1999) standards indicated that the current version allowed 20% more 

holes to gross flange area than the previous version without deducting the gross 

section plastic moment capacity. This is true for steel grades having yield-to

ultimate strength ratio values less than 0.8. For steel grades having yield-to-ultimate 

strength ratio values of more than 0.8, the current version of the AISC-LRFD 

(2005) permitted 10% more holes to gross flange area than the previous version. 

• Steel design standards; the AISC-LRFD (1999), the BS5950 (BSI 2001) and the 

AS4100 (SA 1998) seemed to provide a threshold value for a particular steel grade 

relatively in a similar manner 
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• Overall, the current AISC-LRFD (2005) code permitted a higher threshold value 

than the other standards considered. 

• Overall, the AISC-LRFD (1999) was conservative over the other code methods and 

theoretical approach. 
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Designation Ag 
mm2 

( I ) (2) 

W610X101 
13000 

[Class 1] 
W410X54 

6810 
[Class 2] 
W530X72 

9120 
[Class 3] 
W200X42 

5310 
[Class 1] 
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Table 3.1: Sectional Properties and Dimensions [CISC Handbook 2007] 

Pro~erties 

Jg sg z g b 

106mm4 103 mm3 103 mm3 mm 
(3) (4) (5) (6) 

764 2530 2900 228 

186 924 1050 177 

400 1520 1750 207 

40.9 399 445 166 

y 

k bl 

-0 

--
x 

y 

~ 

w 

--
x 

Sectional Dimensions and Flange Area 
t 

mm 
(7) 

14.9 

10.9 

10.9 

11.8 

c::;; 
-6 
II 
.c 

A Jg 
mm2 

(8) 

3397 

1929 

2256 

1959 

d w 

mm mm 
(9) ( 10) 

603 10.5 

403 7.5 

524 8.9 

205 7.2 

h 

mm 
(12) 

573.2 

381.2 

502.2 

181.4 
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Table 3.2: Threshold Values for Different Steel Grades Based on Different Code Rule 

Mild- A572/ 
A992/ A913 A913 A709/ 

Steel Grade Steel A36 350W A572M A992M* (Gr:50) (Gr:65) HPS-70W 
(Gr:60) 

FY (MPa) 190-225 250 350 420 345-450 345 450 485 

Fu (MPa) 380-450 400-550 450-650 515 450 450 550 585-760 

FY/ Fu 0.5 0.45-0.63 0.54-0.78 0.82 0.77-0.85 0.77 0.82 0.64-0.83 

CAN/CSA-S 16.01 (CSA 
2003): 

0.85 0.85 
Limiting A Jn I A Jg ratio 

0.85 0.85 0.85 0.85 0.85 0.85 
[15%] [15%] (15%] (1 5%] (15%] (15%] (15%] [1 5%] 

(Threshold flange holes 
eercenta9ej 
AISC-LRFD(2005): 

Limiting AJn I AJg ratio 
0.50 0.45-0.63 0.54-0.78 0.90 0.77-0.94 0.77 0.90 0.64-0.91 

[Threshold flange holes (50%] (37%-55%] (22%-46%] (10%] (6%-23%] [23%] (10%] [9%-36%] 
percentage] 

AISC-LRFD(1999): 

Limiting A Jn I A Jg ratio 0.60 0.54-0.76 0.65-0.94 0.98 0.92-1 .00 0.92 0.98 0.77-1.00 

(Threshold flange holes (40%] (24%-46%] (6%-35%] [2%] [0%-8%] [8%] (2%] [0%-23%] 

eercenta9eJ 
BS5950-2000 (BSI 2001 ): 

Limiting A.Ji, I AJg ratio 0.60 0.54-0.76 0.65-0.94 0.98 0.92-1 .00 0.92 0.98 0.77-1.00 

[Threshold flange holes [40%] [24%-46%] (6%-35%] [2%] (0%-8%] (8%] [2%] (0%-23%] 

eercenta9ej 
AS4100-1998 (SA 1998): 

Limiting A Jn I A Jg ratio 0.59 0.53-0.74 0.64-0.92 0.96 0.91 -1.00 0.91 0.96 0.75-0.98 

[Threshold flange holes (41%] (26%-47%] (8%-36%] [4%] (0%-9%] (9%] [4%] [2%-25%] 

percentage] 
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CHAPTER: 4 

THE TEST PROGRAM 

4.1 Introduction 

The purpose of the test program presented here was to obtain experimental data, which 

was subsequently used to evaluate the impact of flange holes on the flexural behavior of 

steel beams. The specified steel grade of the beam specimens tested was ASTM A992 

steel grade. This steel grade was of particular interest as it is widely used by industry and 

it is the grade most impacted by the new AISC specification (AISC, 2005). All beam tests 

were performed under four-point bending configuration creating a uniform moment 

region in the midspan. Holes in the flanges of beams were laid at the center midspan. 

The geometrical and mechanical characteristics of beam specimens are presented in this 

chapter. A description of the test program, including the test matrix, overall test setup, 

support conditions, loading conditions, loading system, test procedure and test 

instrumentation, is also presented. Additionally, this chapter provides sample test results 

to illustrate and describe how the test results were processed and evaluated. 
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4.2 Description of Test Specimens 

A total of twenty five W200X42 beam specimens were tested. These rolled steel beam 

specimens were obtained from the same production batch to minimize discrepancies 

associated with the material characteristics. Therefore, the test results obtained from the 

beam specimens can be directly compared and conclusions with regards to the impact of 

flange holes on flexural behavior made. The following factors were considered during the 

selection of the beam sections W200X42 used in this study; 

• available capacity of the laboratory testing facility including the load cell and the 

stroke length of an actuator. 

• typically used beam sizes in steel building frames. 

• availability of beam sizes in the market. 

• suitability of a beam size to serve the purpose of this investigation. For example, a 

deep beam may fail as a result of web yielding and/or web crippling in the critical 

shear regions and such failure modes were avoided in this study. 

Since the investigation involved studying the effects of flange holes on the flexural 

behavior, all tests were conducted as simply supported at the ends of the beam specimens 

and subjected to two point loads in the midspan region. Thus, the midspan of each beam 

specimen experienced a uniform moment region. A pair of holes were made in the 

flanges (on either side of flange-web junction) at the center midspan. The responses of 

each test beam were established by measuring the load, deflections within the uniform 

moment region (at midspan, loading points, quarter points) and the end rotations. The 
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mechanical characteristics of the steel grade of the beam material were established by 

conducting standard tensile coupon tests. 

The beam tests performed in this investigation can be grouped into four different series. 

Series 1, 2, 3 and 4 involved 4, 13, 4 and 4 test specimens, respectively. 

Series- I: This series involved the beam tests with solid flanges (no flange holes). A total 

of four beams identified herein as Al00-1, Al00-2, Al00-3 and Al00-4 were tested in 

this series. Regarding specimen identification labeling used in this study, A 100 denotes 

the percentage of net flange area-to-gross flange area and the number following the 

hyphen indicates the test-number. 

Series-2: This series included the beam tests with open holes in the tension flanges only. 

A total of seven different percentages of net flange area-to-gross flange area, ph , ranging 

from approximately 90% to 50% were considered. The beams tested in this series were 

identified as A90-1 , A85-l, A80-1, A75-1, A70-1, A60-1 and A50-1. Moreover, the 

beam specimens having ph (in percentage) of approximately 75%, 70% and 60% were 

repeated twice in order to : 

(1) Establish a percentage of net flange area-to-gross flange area ( ph ) beyond which 

the dominant failure mode would be net section fracture. It was observed that the 

beams having ph between 75% and 60% exhibited a mixed failure modes; (a) 

local buckling of the compression flange followed by net section fracture and (b) 

definite net section fracture through tension flange holes. 

(2) Confirm the repeatability of test results. 
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(3) Minimize the repetition of beam tests under each category so that the remaining 

beam specimens would be used to explore the impact of holes on the flexural 

behavior in other cases such as open holes in both tension and compression 

flanges and fastener holes in both flanges. A total of thirteen beam tests were 

conducted in Series 2. 

Series-3: This series of tests contained beams having open holes in both the tension and 

compression flanges. A total of four tests A85-B-1, A75-B-1, A70-B-1 and A60-B-1 , 

where 'B' indicates both flanges, were performed in this series. The purpose of these tests 

was to investigate the impact of open holes in both flanges on the flexural behavior. 

Moreover, the test results in this series allowed comparisons to be made in order to 

evaluate the behavioral differences, in terms of strength and ductility, of a flexural 

member having open holes exclusively in the tension flange to a similar member having 

open holes in both flanges. 

Series-4: This series involved beam tests with fastener holes in both tension and 

compression flanges . A total of four tests A85-F-1, A75-F-1, A70-F-1 and A60-F-1 , 

wherein 'F' denotes fastener holes, were conducted in this series. High strength ASTM 

A490 bolts of standard sizes were inserted into the holes leaving a clearance of 

approximately 2 mm. The average measured fastener diameter used for beam tests A85-

F-1 , A75-F-1, A70-F-1 and A60-F-1 was of 10.4 mm, 19.9 mm, 23.9 mm and 29.6 mm, 

respectively. The purpose of these tests was to investigate the influence of fasteners, 

particularly in the compression flange. 
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4.2.1 Properties of Test Specimens 

This section provides information pertaining to the geometric properties, mechanical 

characteristics and chemical properties of the beam specimens under consideration. The 

cross-sectional dimensions were measured along the length of each beam specimen. Each 

specimen was then, coated with whitewash (hydrated lime mixed with cold water) for 

better visual confirmation of the initiation of yielding during the test. 

Geometric Properties: Figure 4.1 illustrates the locations along the length of the beam 

specimen at which the cross-sectional dimensions were measured. The sectional 

dimensions included; width of the tension and compression flanges ( b ), thickness of the 

tension and compression flanges ( t ), web depth ( d ), web thickness ( w) and the beam 

length ( L ). As shown in Figure 4.1, the cross-sectional dimensions were measured at five 

different locations, including three locations within the midspan region and two locations 

in the shear span region. The measurements were taken at the center of the midspan 

(Section 3-3), 300 mm away from the center (Section 2-2 and 4-4) and 725 mm away 

from the center of the test beam (Sections 1-1 and 5-5). 

Based on measurements at five sections, average dimensions were established. Table 4.1 

presents the average measured dimensions of the tension flange, compression flange and 

web of each beam specimen. In addition, Table 4.1 includes the nominal dimensions for 

the W200X42 beam section used in this test program (CISC Handbook 2007). The 
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average measured flange width was found to have a maximum variation of 1. 7% when 

compared to the nominal flange width, whereas the average measured flange thickness 

varied as high as 5% from the nominal flange thickness. The average measured depth and 

thickness of webs varied by a maximum of 0.6% and 2.8%, respectively, as compared to 

the corresponding nominal dimensions. The average measured cross-sectional 

dimensions were found to be within the allowable values stipulated by the CISC 

Handbook (CISC 2007). Table 4.1 also contains the measured length for each beam 

specimen. Although the dimensions of the tension and compression flanges of a rolled 

section are expected to be the same, it was observed from the measurements that the 

dimensions (width and thickness) varied slightly. 

Table 4.2 presents the sectional properties of each beam specimen calculated based on the 

average measured cross-sectional dimensions. The calculated sectional properties about 

the major axis included the second moment of area (I g ), the elastic section modulus ( S g) 

and the plastic section modulus ( Z g ) . In the calculation of sectional properties, the fillet 

area of the rolled section (W200X42) was also included. The contribution of fillet area 

was estimated by subtracting the sectional properties, calculated considering the section 

composed of three-rectangles of nominal dimensions, from the nominal sectional 

properties as stipulated in the CISC Handbook (CISC 2007). The contribution of fillet 

area on the sectional properties was included in the calculation of sectional properties 

based on the measured dimensions. 
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Mechanical Characteristics: As all twenty five beam specimens used in this 

investigation were obtained from the same production batch (same heat ID), a limited 

number of standard tensile coupon tests were performed. Six standard tension coupons; 

three flange and three web coupons, were cut along the length (rolling) direction of beam 

specimen A90-1. The coupons were obtained after the main test from the shear span 

region, which was subjected to low strain levels. The coupon tests were performed in 

accordance with the specification and recommendations provided by American Society 

for Testing and Material Standards A370-02 (ASTM 2002). More specific details of the 

test procedure including test speed, type of instruments used, measurements of 

dimensions, etc. adopted in this coupon test program are presented in Chapter 6. 

Figures 4.2[A] and 4.2[B] illustrate the resulting stress-strain relationship of the tensile 

coupons obtained from the flanges and web of beam specimen A90-1. The engineering 

stress was calculated based on the applied load divided by the initial cross-sectional area, 

whereas the engineering strain was calculated based on the elongation measured by an 

extensometer divided by the initial gage length. 

The web coupons obtained closer to the flange-web intersection exhibited higher yield 

and ultimate strengths and lower material ductility as compared to the coupon obtained at 

the middle part of the web. This can be attributed to the higher stresses that are exerted at 

the corner of rolled sections during the rolling process and faster cooling following 

rolling of the web due to their smaller thickness (Jaquess and Frank, 1999). As seen in 
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Figures 4.2[A] and 4.2[B], the coupons obtained from the flange and the middle-web 

exhibited a sharp yield point followed by a yield plateau, whereas the coupons obtained 

adjacent to the flange-web junction exhibited no yield plateau. The yield strength of the 

material was established by using 0.2% offset method, although the flange and the middle 

web coupons had a sharp yield point (Galambos 1998). 

Table 4.3 summarizes the tensile test results of the flange and web coupons. The yield 

strength (FY) of the flange coupons varied between 403 MPa and 413 MPa with an 

average of 409 MPa and the ultimate strength (Fu) ranged from 530 MPa to 534 MPa 

with an average of 531 MPa. The resulting average yield-to-ultimate strength (FY I Fu) 

ratio for the flange coupons was estimated to be 0.77. The flange coupons had average 

yield and ultimate strains (£Y and £u) of approximately 0.22% and 15.5%, respectively, 

resulting in an average material ductility ratio of approximately 70. The strain at onset of 

strain hardening (£ sh ) varied from 1.23% to 1.36% with an average of 1.30%. The strain 

at fracture ( £ 1 ) of the flange coupons varied between 22% and 24% resulting in an 

average of approximately 23%. 

The web coupons obtained closer to the flange-web intersection exhibited average yield 

and ultimate strengths of 460 MPa and 560 MPa, respectively, resulting in an average 

FY I Fu ratio of 0.82. The average strains at the yield and the ultimate strength were 0.2% 

and 10.3%, respectively. The resulting material ductility ratio of these coupons was 
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calculated to be 52. These coupons fractured at relatively lower strains with an average 

value of 15.6%. 

The coupon obtained from the middle part of the web had yield and ultimate strengths of 

409 MPa and 536 MPa, respectively. The resulting FY I Fu ratio was calculated to be 

0.76, which was approximately 8% lower than the FY I Fu ratio of the web coupon that 

was obtained closer to the flange-web intersection. The yield and ultimate strains of the 

coupon obtained from the middle web were 0.22% and 14%, respectively. The resulting 

material ductility ratio was 64, which was 19% higher than that of the web coupons 

obtained closer to the flange-web junction. The onset of strain hardening value ( & sh ) and 

the fracture strain were measured to be 1.35% and 24.8%, respectively. The fracture 

strain for the middle web coupon was 37% higher than the fracture strain of the web 

coupons obtained adjacent to the flange-web junction. 

Overall, the flange coupons and the middle web coupon exhibited similar stress-strain 

variations consisting of a sharp yield point followed by yield plateau. However, the web 

coupons obtained adjacent to the flange-web intersection had no sharp yield point and 

were found to have higher yield and ultimate strengths. The theoretical moment 

resistances in this study were established based on the yield strength of the flange 

coupons, although the yield strength of the web coupons (obtained closer to the flange

web intersection) varied considerably from the flange coupons. This was considered 
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acceptable since the flange material governs the flexural behavior of rolled sections 

(Adams et al., 1964). 

Chemical Composition: The beam specimens used in this investigation were associated 

with heat ID of 104846 as per the quality certificate supplied by the local steel supplier. 

Table 4.4 presents the chemical composition associated with the heat ID: 104846 

extracted from the mill certificate provided by the steel supplier. 

4.3 The Test Setup 

4.3.1 An Overview 

Figure 4.3 shows a schematic view of the test setup constructed for this study. The test 

beams were simply supported at both ends. The beams were loaded so that the midspan 

would experience a uniform bending moment. As seen in Figure 4.3, each beam had web 

stiffeners located at the support and loading locations to prevent web buckling. 

The following subsections provide detailed descriptions of the support conditions, 

loading application, loading system, test specimen instrumentation and lateral bracing 

system used in this research program. 
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4.3.2 Support Condition 

As shown in Figure 4.3, one end of the test beam was placed on a pin support, which 

consisted of a 75 mm diameter roller and a curved saddle plate. The function of the 

saddle plate was to prevent longitudinal movement while allowing large end rotation. The 

other end of the test beam was placed on a roller support which also consisted of a 7 5 mm 

diameter roller that could roll in and out in the longitudinal direction of the test beam 

while allowing large end rotation. Moreover, at the supporting ends, two bearing plates, 

each having the dimensions of 160 mm long, 160 mm wide and 15 mm thick, were 

placed between the test beam flanges and the rollers as illustrated in Figure 4.3. The 

purpose of using the bearing plates was to distribute the concentrated loads at the support 

locations in order to prevent failure of the beam due to web crippling and/or web 

yielding. 

4.3.3 Loading Condition 

As shown in Figure 4.3 , the test beams were subjected to two point loads. The two point 

loads were applied to the test beam using a 1000 mm long transfer beam. The transfer 

beam consisted of hollow structural sections welded together back-to-back. The load was 

transferred through two rollers (50 mm diameter) spaced at the center-to-center distance 

of 750 mm on to the test beam (see Figure 4.3). At the loading locations, two bearing 
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plates each having dimensions of 100 mm long, 160 mm wide and 15 mm thick were 

used between the rollers and the flange of the test beam (see Figure 4.3). 

4.3.4 Lateral Bracing System 

If a flexural member has a clear span (a distance between supports) exceeding the critical 

unbraced length, the member will fail by lateral torsional buckling (LTB) when subjected 

to in-plane bending. However, the L TB failure mode can be prevented by providing 

adequate lateral bracings. According to the current Canadian Steel Design code (CSA 

2003), the longitudinal spacing between bracings is limited by the following equations 

for compact beam sections designed by plastic analysis: 

550rY 
L - forK <-0.5 

er - IF; ' (4.1) 

for K > -0.5 (4.2) 

where Le,. is the critical unbraced length, rY is the radius of gyration about minor axis, 

FY is the yield strength of the flange material and K is the ratio of smaller factored 

moment to larger factored moment at opposite ends of unbraced length. 

Since all beam specimens tested were from the same production batch and had similar 

cross-sectional dimensions, the radius of gyration ( rY) and the yield strength (FY) of each 

beam specimen used were 41.3 mm (nominal value for W200x42 section) and 450 MPa 
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(maximum expected value for A992 steel), respectively in establishing the spacmg 

between the bracings. The first limit state, as provided by Equation 4.1, is applied for the 

case where uniform moment loading exits, whereas the second limit state, as provided by 

Equation 4.2, is applied for the case where moment gradient exists. Therefore, according 

to the current CAN/CSA-S16.01 (CSA 2003) standard, the critical spacing requirements 

between the braces which are to be placed in the uniform moment region and in the 

moment gradient region were of 1071 mm and 1910 mm, respectively. However, in the 

testing program, the beam specimens were laterally braced at the loading and the support 

locations. Since the midspan of each test beam which was subjected to a uniform moment 

loading was of 750 mm (<1071 mm) and the shear span which was subjected to a 

moment gradient loading was of 1075 mm (<1910 mm), respectively, the spacmg 

requirements as per the CAN/CSA-S16.01(CSA2003) standard were satisfied. 

Figure 4.4 shows the bracing system used in this investigation. The lateral bracing system 

was designed to have sufficiently high stiffness to prevent L TB while allowing the test 

beam to undergo a large vertical deflection. This bracing system consisted of a series of 

self standing bracing frames which were fabricated from the following components: 

• Vertical member- Wl 50X30 section with a height of approximately 1000 mm 

• Inclined member- fabricated from two channels (C150X16) welded together back

to-back. The inclined member was erected with the vertical member at an angle of 

45° and welded along the cross-section. 
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• Horizontal member- channel section (C200X21) welded with both the vertical and 

the inclined member. 

As shown in Figure 4.4, each self standing bracing frame was connected to supporting

beams, which were fastened to the test floor, by 25 mm diameter high strength bolts. The 

bracing frames were fastened to the supporting beams through slotted holes allowing the 

bracing frames to be adjusted to the test beam. High strength cold-rolled round bars (25 

mm diameter) were welded along the middle of each vertical member of the bracing 

frames to simulate knife edge guides permitting vertical deflections of test beam while 

preventing the L TB. 

4.3.5 Loading System and Instrumentation 

Figure 4.5[A] shows the loading system used in this investigation. This system consisted 

of an actuator having a maximum stroke of 500 mm (20 inch), a commercially available 

load cell (Type: C2M1C) having a maximum measuring capacity of 890 kN (200,000 

lbs), a string-pot transducer having a maximum stroke of 500 mm (20 inch) attached 

between the load cell and the outer perimeter of the actuator. The displacement control 

test system used in this investigation also included a controller, function generator, 1 OV 

power supply and servo valve. The actuator-load cell assembly was attached to a 

horizontal cross beam, which was connected across two vertical reaction columns. 
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Figure 4.5[B] illustrates a schematic view of the hydraulic servo control system used in 

this investigation. As shown in this figure, the actuator was operated by a hydraulic pump 

(Model: RL-T06-2-E200). The hydraulic pump was operated at a maximum pressure of 

10 MPa (1500 psi). A servo valve (Model: A076-2630) was installed between the 

actuator and the hydraulic pump to control the hydraulic actuator. A MTS 406 controller 

was used to control the servo valve. A MTS 410 digital function generator was used to 

create the control signal. Since the test was conducted under a monotonically increasing 

downward displacement, a linear function generated by the 'ramp' mode of the MTS 410 

function generator was used as the input signal to control the movement of the actuator at 

a desired rate 0.025 mm/sec. The required amount of the movement of the actuator was 

modulated by a string-pot transducer (Model: PTl 01-0020-111-1110) connected between 

the actuator and the load cell (see Figure 4.5[B]). 

Figure 4.6 shows the locations of the instrumentation attached to the test beams. The 

instruments included string-pots [SP], Linear Varying Displacement Transducers 

(LVDTs) and high elongation capacity strain gages (Vishay Micro-Measurements & SR-

4 type). There were a total of seven string-pots used, in which five of them were placed 

along the flange-web intersection of the tension flange in the mid span region (see Figure 

4.6). These five string pots were placed symmetrically about the center line of the test 

beam in a vertical plane. SP-1 and SP-5 were placed directly below the loading points 

while SP-3 was placed at the mid span of the test beam. In addition, SP-2 and SP-4 were 

placed at quarter points within the uniform moment region as shown in Figure 4.6. The 
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readings obtained from SP-1 and SP-2 were used to establish the load point rotation at a 

loading point towards A-end while SP-4 and SP-5 were used to establish such rotations 

towards B-end. A pair of string pots [SP-6 and SP-7] were used to measure the beam end 

rotation at the roller end (see Figure 4.6). The rotations can be calculated as the 

difference in displacement between the respective pair of string pots divided by the 

distance between them. 

Five LVDTs were used as shown in Figure 4.6. LVDT-1 and LVDT-2 measured the end 

rotation at A-end of the test beam. The rotations can be calculated as the difference in 

displacement between both LVDTs divided by the distance between them. LVDT-5 was 

used to capture any possible slippage of the cross beam connected across the two reaction 

columns during the initial stages of loading. LVDT-3 and LVDT-4 were used to monitor 

the out-of-plane movement of the compression flange with respect to the tension flange at 

the center of the midspan. The readings obtained from LVDT-3 and LVDT-4 were used 

to establish the load at which local buckling initiated. It is realized that the method 

adopted in this investigation to capture the load at which local buckling occurs may not 

be ideal since local buckling may initiate anywhere within the uniform moment region. 

Nevertheless, no additional effort was made to monitor the local flange and/or web 

buckling during the experiments as it was beyond the scope of this investigation. 

High elongation capacity strain gages (Vishay SR-4 type with a maximum capacity of 

15% strain at room temperature) were attached to specimens Al00-4, A70-2, A75-3 and 
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A75-B-1. The locations of the strain gages used on those beam specimens are as shown in 

Figure 4.6. All strain gages were placed across the cross-section located at the center of 

the midspan region (Section A-A as seen in Figure 4.6). A total of five stain gages were 

used on beam specimen Al00-4. Two gages were placed at the outer surfaces of the 

tension and compression flanges along the flange-web intersection while the remaining 

three gages were positioned at the middle web and 60 mm away from the middle web 

towards the tension and compression flanges. A total of six strain gages were attached to 

each beam specimen A70-2 and A75 -3. The strain gage locations are shown in Figure 

4.6 including the additional strain gage, which was placed in the vicinity of hole in the 

tension flange (25 mm away from the center of the hole). Beam specimen A75-B-1 was 

instrumented with seven strain gages, including two additional strain gages placed in the 

vicinity of the holes in the tension and compression flanges (25 mm away from the center 

of the hole). The strain gages were attached at these locations for the following reasons; 

• to monitor spread of plastification as the specimen was loaded well into its inelastic 

range. 

• to establish the strain demand on the tension flange having no holes (solid flange) 

and on the tension flange having holes in this investigation. 

• to assess the effect of holes on flange-web interaction. 

• to verify the location of the neutral axis when a beam section had holes in its 

tension flange only, since the section is no longer symmetric about the neutral axis 

of the gross cross-section. 
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4.4 Test Procedure 

Figure 4.7 shows a photograph of the test setup. This figure shows how the test beam, 

transfer beam and the actuator-load cell assembly were arranged within the loading frame 

and bracing frames. All beam specimens were tested under a monotonically increasing 

downward vertical displacement. Once the beam specimen was placed in the testing 

apparatus, it was centered with respect to the vertical axis passing through the center of 

the actuator-load cell assembly in the longitudinal direction. The beam specimen was also 

centered laterally with respect to the bracing frames and the vertical axis of the combined 

actuator-load cell assembly. After centering the test beam within the test frame, first the 

bracing frames were moved so that they come into contact with the flange tips of the 

beam specimen and then, they were tightened with the support beams at the bottom (see 

Figure 4.7). The transfer beam was then, placed on the rollers spaced at the center-to

center distance of 750 mm and was adjusted to laterally center it with respect to the 

vertical axis of the combined actuator-load cell assembly. Each bracing frame was tied 

with a 25 mm diameter tie rod passing through the flanges of the vertical member of the 

bracing frame to provide additional rigidity to the braced frame. 

The test specimen was initially preloaded under displacement control. The beam 

specimen was preloaded within its elastic limit to ensure that the instrumentations 

functions properly and to confirm proper seating of the test beam in the testing apparatus. 

If the beam specimen was found to be improperly seated then, the seating was adjusted 
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and the instrumentations reset. Now the test beam is ready to be loaded. A constant 

loading rate of 0.025 mm/sec was maintained throughout the test. The test beam was 

loaded until well past the peak load and until the load dropped below the peak load. The 

theoretical load carrying capacity of the test beam was known. Often the peak load is 

higher than this theoretical capacity. Usually, the beams were continued to be loaded 

until the load dropped below this theoretical capacity. The beam specimens that failed as 

a result of net section fracture through the flange holes were concluded as soon as a 

sudden drop in loading occurred. 

4.5 Sample Test Results 

In order to evaluate and analyze the performance of the test specimens having flange 

holes, the following responses were established from the measurements recorded during 

the tests; 

(a) Load versus midspan deflection ( P vs.!::,,) 

The load ( P) and the midspan deflection ( !::,, ) were obtained directly from the load cell 

and the string-pot [SP-3] attached to the center of the test beam. 

(b) Moment versus average rotation at loading points ( M vs. B) 

The measured load can be converted into a midspan moment as, M = (P I 2)L, , 

where L_, is the shear span (a distance between load point and reaction point). The rotation 

at the loading point (in radians) towards A-end of the test beam was established as the 

difference in displacement between string-pots SP-1 and SP-2 divided by the distance 
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between them. Similarly, the rotation at the loading point towards B-end of the test beam 

was computed from the measurements taken using SP-4 and SP-5 divided by the distance 

between them (see Figure 4.6). The average of these two rotations provided the loading 

point rotation ( fJ ). 

( c) Moment versus average beam end rotation ( M vs. Be) 

The beam end rotation at A-end was established as the difference in displacement 

between LVDT-1 and LVDT-2 divided by the spacing between them. Similarly, the beam 

end rotation at B-end of the test beam was established from the measurements taken 

using SP-6 and SP-7 divided by the spacing between them. The average of these two 

rotations was considered as the beam end rotation (Be). 

( d) Load versus relative out-of-plane displacement of the compression flange ( P vs. 8) 

The load ( P) was obtained as explained above. The relative out-of-plane movement of 

the compression flange to the tensions flange ( 8 ) was established using L VDT-3 and 

L VDT-4 placed at the center midspan of the test beam. 

( e) Moment versus strain ( M vs. & ) 

The strain measurements were obtained from strain gages attached to test beams. 

4.5.1 Test Data Reduction 

Figure 4.8[A] illustrates the moment-rotation relationship for beam specimens that 

exhibit ductile failure possessing substantial inelastic rotation. For such beams, unloading 

occurs only after significant local buckling of the compression flange. On the other hand, 
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Figure 4.8[B] shows the moment-rotation relationship for beams, failing primarily due to 

net-section fracture through the tension flange holes. Points A, B, C, D, E, F and G 

indicated in Figures 4.8[A] through 4.8[C] may be of engineering significance. Based on 

these points, the behavioral differences in responses of each beam specimens under 

consideration were analyzed and compared. Descriptions pertaining to each of the point 

of interest and how these points were established in this investigation are presented 

below; 

Point A represents the proportional limit above which the moment is no longer 

proportional to the rotation (or the load is no longer proportional to the deflection). To be 

consistent, Point-A for each test, herein, was established using 0.1 % offset method. That 

is, 0.1 % of the elastic midspan deflection corresponding to the plastic load (0.1 % of BP) 

was drawn parallel to the initial slope, which was established using a linear regression 

analysis of the initial portion of the test results. 

Point B is the point at which the calculated yield moment (MY) is reached. The 

theoretical yield moment (MY) was computed based on the average yield strength 

multiplied by the elastic section modulus established based on the measured cross

sectional dimensions (MY = S g FY). The corresponding rotation at Point B is BY. From 

the M Y value, the corresponding yield load (PY) can be calculated as, PY = 2M Y I Ls . 

Note that the load applied by the actuator is double the reaction since the applied load 

was distributed at two equal point load in this test program. A midspan deflection 

corresponding to the yield load (PY) is /1 Y . 
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Point C represents the point at which the calculated plastic moment (MP ) is attained. 

The theoretical gross section plastic moment capacity (MP ) for each beam was 

calculated based on the average measured yield strength of the flange material 

(FY = 409 MPa) multiplied by the plastic section modulus determined based on the 

measured cross-sectional dimensions (M P = Z g FY). A measured rotation corresponding 

to the plastic moment (MP) is e; . The plastic load corresponding to the plastic moment 

can be calculated as, PP = 2M P I Ls . A measured deflection corresponding to the plastic 

load (PP ) is /!/P . 

Point D is the point at which a maximum moment ( M,,,) is reached. The corresponding 

measured rotation is B,,, . The maximum moment was obtained from the measured 

maximum load ( P,
11

) as M "' = P,
11 
Ls I 2 . The measured midspan deflection corresponding 

to the maximum load is l:!i
111

• 

Point E represents the point at which the moment-rotation (or load-deflection) curve 

reaches the calculated plastic moment (or the plastic load) again on the descending 

branch. The corresponding rotation is e; (or the corresponding deflection is l:!i-P ). 

Point F/G relates the point at which sudden drop in load occurred as a result of net

section fracture through the tension flange holes ( e f ). 
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Table 4.5 summarizes the calculated gross-section plastic moment (M P; ) and the plastic 

load (PP; ) for each beam specimen tested in this study. The M P; was calculated based on 

the measured cross-sectional dimensions and the measured yield strength of the flange 

material (FY =409 MPa). The midspan deflection ( 8. P; ) corresponding to PP; and the 

load point rotation ( () P; ) as well as beam end rotation ( ()ep; ) corresponding to M P; under 

ideal elastic-perfectly plastic behavior are also presented in Table 4.5. From the 

engineering mechanics principles, an elastic midspan deflection for a simply supported 

beam member subjected to two point load in the midspan can be established as 

,0. = PLS (3L2 -4L; )+ PLS 
48E1

8 
2AwG 
'---r---' 

(4.3) 

flexural shear 

where 8. is the midspan deflection in the elastic range, P is the applied load, Ls is the 

shear span, Lis the clear span, E is the elastic modulus, I 
8 

is the second moment of 

area about the axis of bending, Aw is the shear area ( dw) and G is the shear modulus . 

In order to establish a more accurate stiffness, especially for members whose shear span 

(length-to-depth ratio, Ls Id= 1075/205 = 5.24 < 6)is less than 6 such as those tested, 

the calculation must also consider its shear flexibility (Green 2000). 

For the same scenario as described above, an elastic rotation corresponding to a moment, 

M , can be established as 
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() = ML 111 

2Elg 

where Lm is the midspan length. Similarly, an elastic rotation at the beam end is 

M 
() =-(L-L) 

" 2EI s 
g 

(4.4) 

(4 .5) 

The values /1 pi , () pi and ()epi were calculated using the sectional properties (as given in 

Table 4.2) established based on the measured cross-section dimensions and the measured 

material characteristics such as the yield strength, FY =409 MPa, and the measured elastic 

modulus, £=215 GPa of the flange material (see Table 4.3). 

A statistical analysis of these calculated values is also provided in Table 4.5. The average 

value of the plastic moment (MP) was 177 kNm with a standard deviation of 1.3 kNm. 

The associated coefficient of variation (COV) was 0. 7%. The average value of the plastic 

load (PP) was 329 kN with a standard deviation of 2.6 kN. The associated COV was 

0.8%. As presented in the fourth column of Table 4.5 , a mean value of the midspan 

defection was 19.3 mm with a standard deviation of 0.1. The associated COV was 0.3%. 

A mean value of the rotation (at load point) was 0.0078 rad with a COV of 0.3%. A mean 

value of the end rotation was 0.0190 rad with a standard deviation of 0.0001 rad resulting 

in a COV of 0.3%. Since the COVs of each parameter were less than 1 %, the averages of 

these parameters were used in the subsequent comparisons. For example, the average 

value of plastic moment capacity, M P= 177 kNm, was considered as the reference 

plastic moment capacity. 
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In general, the comparison of overall behavior is conventionally performed in terms of 

the measured properties. However, in this thesis, the load-deformation behavior (or 

moment-rotation relationship) was normalized relative to the nominal section properties 

and the nominal yield strength value as given in the CISC Handbook (2007). The reasons 

being were that (1) in design stand point, the nominal values are readily available from 

steel design handbooks and (2) this test program involved one beam size obtained from 

the same heat ID. Thus, by knowing the ratio between the measured values and the 

nominal values (in terms of sectional properties and the strength properties), the overall 

load-deformation (or moment-rotation) behavior can be converted from one to another 

(nominal-to-measured or vise versa) . 

Table 4.5 presents the nominal values associated with the plastic moment ( M p-nom ), the 

plastic load ( Pp-nom ). The corresponding midspan deflection ( /),. p-nom ), load point rotation 

( B p-nom ) and beam end rotation ( Bep-nom ) are also provided in Table 4.5. The M p-nom was 

established based on the nominal yield strength of ASTM A992 steel, FY= 345 MPa, and 

the nominal plastic section modulus, Zg = 445X103 mm3 for the W200X42 section (CISC 

2007). The Pp-nom was established as, 2Mp-nom/ Ls, where Ls=1075 mm. To establish the 

nominal midspan deflection and rotations, the following values were used; L"' =750 mm, 

L=2900mm, Aw= 1476 mm2
, Jg=40.9X106 mm4

, E =200 GPa and G = 77 GPa. The 

calculated plastic moment capacity-to-the nominal plastic moment capacity 
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(MP IM p-nam ) = 177 /154 ratio value was 1.15. This value is referred to as an over strength 

factor in seismic design (CISC 2007). 

As seen in Figure 4.8[A], the ductility of a beam member in terms of rotation capacity 

can be established at two different stages; ( 1) corresponding to maximum moment and 

(2) total available rotation capacity. To be consistent with other research studies in the 

past (McDermott 1969, Lucky and Adams 1969, Green 2000, Sause et al. , 2001 and 

Yakel et al. , 2002), the rotation capacity of the beams specimens were established at 

measured plastic moment, M P= 177 kNm (MP= 1.15 M p-nam ). The rotation capacity 

corresponding to a maximum moment is defined as, Rm = (B"' - BP) I BP where Bm is the 

rotation corresponding to M
111 

and BP is the elastic rotation corresponding to M P under 

ideal elastic-perfectly plastic behavior. The total rotation capacity is defined as, 

RY = ( e; - BP) I BP where e; is the rotation corresponding to M P on the descending 

curve of the moment-rotation response. 

4.5.2 Load versus Midspan Deflection - ( P Vs. fl.) 

In order to illustrate the typical results associated with this research program, the test 

results for solid beam specimen Al 00-3 are presented in this section. Figure 4.9 shows 

the test load versus the midspan deflection for the beam specimen A 100-3 . As seen in 

Figure 4.9 (enlarged portion of the figure), the load-midspan deflection relationship 
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remained linear up to a load of 237 kN, which is the proportional load. Beyond this load 

level, a decrease in the slope of the load-midspan deflection response was observed. The 

average calculated yield load, PY =295 kN (see Table 4.5), was reached at a midspan 

deflection of 18.6 mm. Though the slope of the load-midspan deflection relationship 

continued to decrease, the beam specimen was able to reach an average plastic load, 

PP =329 kN (see Table 4.5). The corresponding midspan deflection was 21.6 mm. The 

load-deflection relationship softened more rapidly after reaching PP , which can be seen 

in Figure 4.9 as a distinct flattening of the curve, as the cross-section in the critical span 

region has yielded completely at this load level. Nevertheless, due to the material strain 

hardening, the beam continued to carry additional load and eventually reached a 

maximum load of 397 kN. The corresponding midspan deflection was 192 mm. After the 

attainment of the maximum load, the beam specimen began to shed load gradually. The 

test load dropped to PP =329 kN again on the descending branch of the load-deflection 

curve at a midspan deflection of 294 mm. Additionally, Figure 4.9 (enlarged portion) 

presents a linear relationship between the load and the midspan deflection for beam 

Al00-3 established using a linear regression analysis as P = 16.38Li. Thus, the 

experimentally obtained stiffness, (k6 )exp=16.38 (kN/mm) and the calculated stiffness 

based on the engineering mechanics principles from Equation 4.3 , (k6 )cai= l 7.1 (kN/mm). 

The percentage difference between the experimentally obtained initial stiffness and the 

calculated value was 4.2% for beam specimen Al00-3. 
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Figure 4.10 shows the normalized load versus the normalized midspan deflection 

relationship. The load was normalized relative to the nominal plastic load P p-nm" =286 

kN and the midspan deflection was normalized with respect to, ~ p-nam = 17.5 mm (see 

Table 4.5). 

4.5.3 Moment versus Rotation ( M vs. B) 

Figure 4.11 shows the moment, M, versus rotation, B, relationship. As seen in the figure 

(enlarged portion), the relationship remained linear up to a proportional moment of 128 

kNm. The corresponding rotation was 0.0053 radians. Beyond this limit, the flexural 

stiffness deteriorated slightly until the theoretical yield moment of 159 kNm was reached. 

The corresponding rotation was 0.0068 radians. As the moment increased, although the 

flexural stiffness decreased, the beam attained MP =l 77 kNm (=1.15 M p-n
011

,). The 

corresponding rotation was 0.0076 radians. As the moment increased further , the beam 

continued to carry additional load until it reached a maximum moment of 214 kNm. The 

corresponding rotation was 0.0960 radians. After attaining the maximum moment, the 

beam unloaded gradually and reached MP again on the descending branch at a rotation 

of 0.1542 radians. Moreover, Figure 4.9 (enlarged portion) shows a linear relationship 

between the moment and the rotation response for beam A 100-3 established using a 

linear regression analysis as M = 241508 . Thus, the experimentally obtained initial 

stiffness, ( k8 )exp=24150 (kNm). The calculated initial stiffness based on Equation 4.2, 
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( k8 )ca1=22704 (kNm). The theoretical initial stiffness was established based on the 

calculated sectional properties as provided in Table 4.2 and the measured material 

characteristics of the flanges as given in Table 4.3 (Fy=409 MPa and £=215 GPa). The 

percentage difference between the experimentally obtained value and the calculated value 

was 6.4% for beam specimen Al00-3. 

Figure 4.12 shows the normalized moment versus the normalized rotation response. The 

moment was normalized with respect to M p-nom =154 kNm while the rotation was 

normalized with respect to Bp- nom =0.0071 radians (see Table 4.5). The total rotation 

capacity,RY, for beam specimen Al00-3 was calculated to be 20.5 (=21.7-1.15). The 

rotation capacity corresponding to Mm =214 kNm, Rm, was estimated to be 12.4 (=13.5-

1.15) (see Figure 4.12). 

4.5.4 Moment versus End Rotation ( M vs. Be) 

Figure 4.13 illustrates the moment ( M) versus end rotation (Be) relation for beam A 100-

3. The general description associated with the moment versus end rotation is similar to 

the moment versus rotation as explained above. The beam specimen reached M Y= 159 

kNm at an end rotation of 0.0177 radians and M P =177 kNm at an end rotation of 0.0205 

radians. The M m=214 kNm was attained at an end rotation of0.1645 radians. The beam 
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specimen reached MP =177 kNm (=1.15 M p-non,) again on the descending branch at an 

end rotation of 0.2476 radians. As seen in the enlarged portion of Figure 4.13 , the 

experimentally obtained initial stiffness, ( klk )exp=9185 (kNm). The calculated initial 

stiffness based on Equation 4.3, ( klk )cal =9351 (kNm). Thus, the percentage difference 

between the experimental stiffness and the calculated value was 1.8% for beam specimen 

Al00-3. 

A plot of the normalized moment versus end rotation is shown in Figure 4.14. The 

moment was normalized relative to the nominal plastic moment capacity, M p - nom =154 

kNm and the end rotation was normalized relative to the nominal end rotation (under 

ideal elastic-perfectly plastic behavior) corresponding to the nominal plastic moment 

( M p-nam =154 kNm) B ep- nom =0.0172 radians (see Table 4.5). 

4.5.5 Load versus Out-of-Plane Displacement of Compression Flange (CF) - ( P 

vs. <5) 

Figure 4.15 relates the load ( P) versus the out-of-plane displacement of the compression 

flange at the center of the midspan ( <5 ). The lowest load at which local bulking of the 

compression flange initiates was established using a measurement of 2 mm displacement 

in the compression flange relative to the tension flange . As thus, for beam specimen 

Al00-3 , a load at which local buckling initiates may be identified as 355 kN (see Figure 
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4.15). From the experimental study by Adams et al (1964), they observed that local 

buckling of a beam member subjected to uniform moment seemed to occur at a maximum 

load level. Though beam specimen Al00-3 reached the maximum load of 397 kN, the 

occurrence of local buckling was at 355 kN based on the method adopted. The reason for 

the lower load at which local bulking occurred may be attributed that the way the L VDTs 

were attached in this test program (between compression and tension flanges). This may 

possibly include any displacement of the tension flange as well as the compression flange 

as the beam deflected laterally causing a distorted nature of the cross-section in the 

midspan region. Note that a precise estimation of load at which local buckling initiates is 

beyond the scope of this investigation. 

4.6 Summary 

The ratio between the average calculated plastic moment (M P ) and the nominal plastic 

moment (M p-non,) was 1.15. The average calculated rotation (BP)-to-the nominal 

radiation ( e p-non,) ratio value was 1.1. The COV s of the calculated parameters established 

based on the measured dimensions (as given in Table 4.1) and measured material 

characteristics (as given in Table 4.2) of each beam specimen were less than 1 % (see 

Table 4.5). This revealed that spread of the test data was considerably low. However, 

slight deviations between data associated with each individual member may be due to the 
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factors such as (1) variations in the geometric dimensions (2) inhomogeneous material 

characteristics (3) variations in shear spans, etc. 
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Table 4.1: Nominal and Measured Cross-Sectional Dimensions of Beam Specimens 

Average Measured Dimensions 
(mm) 

W200X42 Tension Flange 
Compression 

Web 
Beam 

Flange Length 

b t b t d h w L 

Type Beam ID (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) 
(I ) (2) (3) (4) (5) (6) (7) (8) (9) (I 0) 

Nominal 
Nominal Beam 

Cross-Section 166 11.8 166 11.8 205 181.4 7.2 Length 
Dimensions (expected) 

=3050mm 
Al00-1 168.2 11.0 167.5 11.3 205.0 182.7 7.3 3052 

Series-I Al00-2 168.4 11.5 169.3 11.1 203.4 180.8 7.3 3049 
Al00-3 169.7 11.2 167.1 11.3 203.8 181.3 7.6 3047 
Al00-4 169.2 11.1 168.3 11.3 203.5 181.1 7.4 3049 
A90-1 168.6 11.1 168.2 11.1 205.1 182.9 7.5 3050 
A85-1 169.4 11.1 168.3 11.4 203.5 181.0 7.4 3058 
A80-1 168.6 11.2 168.8 11.0 203.6 181.4 7.4 3050 
A75-l 168.8 11.2 169.1 11.0 203.4 181.2 7.3 3045 
A75-2 168.4 11.3 169.8 11.1 203 .5 181.1 7.3 3050 
A75-3 169.l 11.1 168.5 11.5 203.4 180.8 7.2 3050 

Series-2 A70-1 169.3 11.3 168.5 11.3 203.8 181.2 7.5 3057 
A70-2 168.7 11.3 169.7 11.1 203.7 181.3 7.5 3050 
A70-3 168.3 11.4 169.1 11.1 203.5 181.0 7.4 3046 
A60-1 168.3 11.2 168.3 11.1 204.5 182.2 7.7 3058 
A60-2 168.l 11.3 168.7 11.1 203.2 180.8 7.4 3050 
A60-3 169.0 11.0 168.3 11.4 203.7 181.3 7.4 3051 
AS0-1 168.4 11.0 167.6 11.2 203 .1 180.9 7.4 3050 
A85-B-1 169.7 11.3 168.7 11.5 203.5 180.7 7.3 3050 

Series-3 A75-B-1 169.7 11.2 168.7 11.3 203.6 181.1 7.3 3050 
A70-B-1 168.5 11.3 169.5 11.1 203.6 181.2 7.5 3044 
A60-B-1 169.5 11.3 168.4 11.4 204.2 181.5 7.7 3050 
A85-F-1 168.1 11.2 168.9 11.2 203.8 181.4 7.4 3050 

Series-4 A75-F-1 169.2 11.1 168.6 11.2 203.0 180.7 7.2 3050 
A70-F-1 168.7 11.3 169.2 11.2 204.4 181.9 7.4 3050 
A60-F-1 168.0 11.2 168.8 11.2 203.3 180.9 7.5 3049 

Average 168.8 11.2 168.6 11.2 203 .7 181.3 7.4 3050 
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Table 4.2: Calculated Sectional Properties of Test Beams 

Calculated Sectional Properties Based on 
Measured Dimensions 

W200X42 About Major Axis 
A (X-X) 

Jg s g z g 

Nominal 
Section 5310 40.9 399 445 

Properties 
Beam ID (mm2

) 106 (mm3) 103 (mm3) 103 (mm3) 
(I) (2) (3) (4) (52 

Al00-1 5163 39.6 386 431 
Al00-2 5222 39.6 389 433 
Al00-3 5253 39.6 389 433 
Al00-4 5206 39.4 387 431 
A90-1 5197 39.8 388 433 
A85-1 5225 39.5 388 433 
A80-1 5174 39.1 384 429 
A75-l 5160 39.0 383 428 
A75-2 5196 39.4 387 431 
A75-3 5203 39.5 388 433 
A70-1 5252 39.8 390 433 
A70-2 5236 39.6 389 434 
A70-3 5221 39.5 388 433 
A60-1 5242 39.7 388 434 
A60-2 5196 39.2 386 430 
A60-3 5206 39.4 387 432 
A50-1 5155 38.8 382 426 
A85-B-1 5263 39.9 392 437 
A75-B-1 5215 39.6 389 433 
A70-B-1 5231 39.5 388 433 
A60-B-1 5319 40.3 395 441 
A85-F-1 5203 39.4 387 432 
A75-F-1 5154 39.0 384 427 
A70-F-1 5234 39.9 390 436 
A60-F-1 5215 39.3 387 431 
Average 5214 39.5 388 432 
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Table 4.3 : Mechanical Characteristics of Beam Specimens 

Mechanical Characteristics 

&1 

Steel Specimen ID FY Fu 
F:1: x E (Over 200 

(MP a) (MP a) Fu &y cu &y &sh (GPa) mm) 
(I) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

Flange 
Fl 403 530 0.76 0.0022 0.1575 72 0.0130 211 0.2245 
F2 413 534 0.77 0.0022 0.1563 71 0.0123 219 0.2431 coupons 
F3 411 530 0.78 0.0023 0.1523 66 0.0136 215 0.2276 

(Flange lave 409 531 0.77 0.0022 0.1554 70 0.0130 215 0.2317 

Closer to Wl 460 561 0.82 0.0020 0.1059 53 NIA 198 0.1532 
A992 flange-web 

intersection W2 460 560 0.82 0.0020 0.1006 50 NIA 202 0.1595 

(Web lave 460 560 0.82 0.0020 0.1033 52 NIA 200 0.1564 
Middle-

W3 409 536 0.76 0.0022 0.1402 64 0.0135 205 0.2480 
web 
(Web)ave 409 536 0.76 0.0022 0.1402 64 0.0135 205 0.2480 

Table 4.4: Chemical Composition of Beam Specimens 

Heat Chemical Composition(%) - ASTM A992 Steel (extracted from mill certificate) 
ID C Mn Si P S V Cr Ni Mo Cu Nb Sn CEV 

104846 0.112 1.200 0.190 0.021 0.013 0.044 0.160 0.015 0.021 0.039 0.005 0.042 0.390 
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Table 4.5: Nominal and Calculated Values Based on the Measured Dimensions and 
Material Characteristics 

Nominal M p-nom pp-nom ~ p-nom e p-nom B e p - nom M y-nom py-nom 
Value (kNm) (kN) (mm) (rad) (rad) (kNm) (kN) 

( Fy-nom =345 

MP a 154 286 17.5 0.0071 0.0172 138 256 

E =200 
GP a) 

Beam M p; Pp; ~ pi Bpi eep; M y; Py; 

ID (kNm) (kN) (mm) (rad) (rad) (kNm) (kN) 
(I ) (2) (3) (4) (5l (6) (7) (8) 

Al00-1 176 328 19.2 0.0078 0.0189 158 294 
Al00-2 177 329 19.3 0.0078 0.0190 159 296 
Al00-3 178 330 19.3 0.0078 0.0190 159 295 
Al00-4 176 325 19.2 0.0078 0.0189 158 293 

A90-1 177 329 19.l 0.0078 0.0189 159 294 
A85-1 177 329 19.3 0.0078 0.0190 159 294 
AS0-1 175 326 19.3 0.0078 0.0190 157 293 
A75-1 175 325 19.3 0.0078 0.0190 157 291 
A75-2 176 329 19.3 0.0078 0.0190 158 296 
A75-3 177 329 19.4 0.0078 0.0190 159 294 
A70-1 177 331 19.2 0.0078 0.0189 160 297 
A70-2 178 329 19.3 0.0078 0.0190 159 294 
A70-3 177 331 19.4 0.0078 0.0191 159 296 
A60-1 178 331 19.3 0.0078 0.0190 159 294 
A60-2 176 326 19.3 0.0078 0.0190 158 293 
A60-3 177 330 19.4 0.0078 0.0191 158 295 
A50-1 174 324 19.3 0.0078 0.0190 156 291 
A85-B-1 179 333 19.4 0.0078 0.0190 160 299 
A75-B-1 177 329 19.3 0.0078 0.0190 159 296 
A70-B-1 177 329 19.3 0.0078 0.0190 159 294 
A60-B-1 180 335 19.2 0.0078 0.0190 162 300 
A85-F-1 177 328 19.3 0.0078 0.0190 158 294 
A 75-F-1 175 325 19.4 0.0078 0.0190 157 292 
A 70-F-1 178 330 19.2 0.0078 0.0189 160 296 
A60-F-1 176 328 19.3 0.0078 0.0190 158 295 
Mean 177 329 19.3 0.0078 0.0190 159 295 
Standard 
Deviation 1.3 2.6 0.1 0.0000 0.0001 1.1 2.2 
cov (%) 0.7 0.8 0.3 0.3 0.3 0.7 0.8 
Max 180 335 19.4 0.0078 0.0191 162 300 
Min 174 324 19.1 0.0178 0.0189 156 291 
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Measurement Locations 
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Figure 4.1: Locations of Cross-Sectional Measurements 
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Specimen A90- l 
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CHAPTER: 5 

TEST RESULTS 

5.1 Introduction 

A total of twenty five W200X42 beams were tested under this program. The test matrix 

included 4-solid beams, 13-beams with open holes in the tension flange only, 4-beams 

with open holes in both flanges and 4-beams having fastener holes in both flanges. The 

bolts were sung tight and no surface preparation was performed during the installation of 

fasteners . The percentage of hole area to gross flange area ranged between 10% and 50%. 

The results from the instrumentation were plotted in accordance with the test data 

reduction procedure described in the previous chapter. The test results presented herein 

were normalized with respect to nominal values. For example, the moment ( M) was 

normalized with respect to M p-nom = 154 kNm, and the load ( P) was normalized with 

respect to Pp-nom = 286 kN. Similarly, the measured midspan deflection and rotations 

were normalized with respect to the corresponding nominal values as given in Table 4.6 

(~ p-nam= 17.5 mm, Bp-nam =0.0071 rad and Bep-nam =0.0172 rad) . The experimental 

responses pertaining to each of the beam specimen presented in this chapter consist of; 

• Normalized load versus midspan deflection (P I Pp-nom vs. ~ I~ p-nom) 
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• Normalized moment versus load point rotation (M I M p-nom vs. BI B p-nom ) 

• Normalized moment versus beam end rotation (M I M p-nom vs. Be I Bep-nom) 

• Load versus out-of-plane displacement of the compression flange relative to the 

tension flange at the center midspan ( P vs. o ) 

• Normalized moment versus strain at the center midspan ( M I M p-nom vs. c: ) [for 4-

beams only] 

An experimental evaluation of the flexural behavior of all test beams in terms of strength 

and ductility is summarized. Based on these test results, a design method has been 

proposed to establish the flexural strength of steel I-beams having flange holes. A 

comparative analysis between the proposed design method and various international code 

methods (as described in Chapter 3) has been made. This chapter concludes with a 

summary based on the analysis of the proposed design method over the current 

CAN/CSA-S16.01(CSA2003) code method and three other international code methods. 

5.2 Presentation of Experimental Results 

As shown in Table 5.1 , the test beams were lumped into three groups; Group A, Group B 

and Group C. This grouping was made based on (1) the overall variation of the moment

rotation (or load-midspan deflection) relationship and (2) the observed dominant failure 

mode. The general behavior with regards to the variation of the moment-rotation 

response was similar for all of the beam specimens in all groups until a maximum 
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moment was reached. Beyond a maximum moment, however, the beam specimens 

categorized as Group A, exhibited ductile failure. The failure of Group A-specimens was 

mainly due to local buckling of the compression flange in the midspan region. The beam 

specimens falling into Group B failed as result of net-section fracture through the tension 

flange holes. However, such beams fractured after the formation of a local buckle in the 

compression flange, exhibiting a mixed failure mode. The beam specimens falling into 

Group C failed primarily due to net section fracture through the tension flange holes. The 

fracture on such beams occurred suddenly, without warning, as soon as a maximum load 

was reached. 

Figures 5 .1 [A] through 5 .25 [A] illustrate the normalized load, P I Pp-nom , versus the 

normalized midspan deflection, ~I ~ p-nom , relationship for twenty five beam specimens, 

presented in the order as given in the second column of Table 5.2. The variation of load

deflection responses was linear until a proportional load was reached. Beyond this load 

level, perhaps due to the presence of residual stresses and stress concentration effects in 

the vicinity of hole region, the load-deflection curves softened gradually up to a yield 

load, PY =295 kN (1.03 Pp-nom ). As loading continued, although the load-deflection curve 

softened beyond the yield load, the beams were able to reach the gross-section plastic 

load, PP =329 kN (1.15 Pp-nom ). After reaching PP, the load-deflection relation softened 

more rapidly since by then the cross-sections in the midspan region has yielded 

completely. This phenomena can be seen as a distinct flattening of the load-deflection 
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responses from Figures 5.1 [A] through 5.25[A], until a maximum load, Pm, was attained. 

Beyond the maximum load, the Group A-specimens (as given in Table 5.1), except 

Al 00-2, A80-1 and A 75-B-1, began to shed load gradually and the plastic load was 

subsequently reached on the descending branch. Beam specimens Al00-2, A80-1 and 

A75-B-1 , however, unloaded rapidly. The Group A-specimens, except A80-1 and A75-B-

1, exhibited a failure mode due to a combined lateral torsional buckling and local 

buckling in the midspan region. Beam specimens A80-l and A 75-B-1 exhibited a failure 

mode due to local buckling of the compression flange (no lateral deflection in the 

midspan region was noticed). The Group B-specimens exhibited a failure mode due to net 

section fracture which was preceded by local buckling of the compression flange. The 

Group C-specimens failed as a result of net section fracture as soon as a maximum load 

was reached. 

Table 5.2 summarizes the tests results based on the load-midspan deflection relationships 

given in Figures 5 .1 [A] through 5 .25 [A]. This table presents the normalized values of the 

load and midspan deflection related to the points; point A, point B, point C, point D, 

point E, point F and point G ((as described in Chapter 4). The third column presents the 

proportional loads, PP,, (point A), associated with each beam specimen tested. It was 

noted that the PP, reduced with increasing hole-to-gross flange area ratio ( p 11 ) . This may 

be due to early yielding of the flange material in the vicinity of hole region (stress 

concentration effects). The fourth and fifth columns give normalized midspan deflections 
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corresponding to the calculated yield load, PY =295 kN, and the normalized midspan 

deflections corresponding to the plastic load, PP =329 kN, respectively. The sixth and 

seventh columns relate normalized maximum loads and the corresponding midspan 

deflections ( !:::. m ), respectively, (point D). While the eighth column presents a normalized 

midspan deflection corresponding to the plastic load (PP =329 kN) on the descending 

branch ( !:::. ~ ), the ninth column provides the midspan deflections at fracture ( !:::. 1 ) . The 

tests on Group-A beam specimens were concluded as the load-deflection (or moment

rotation) curve dropped below the gross-section plastic load (or gross-section plastic 

moment) on the descending branch. Thus, the !:::. 1 is not available for such beams. 

Figures 5.1 [B] through 5.25[B] illustrate the normalized moment, M I M p-nom, versus the 

normalized rotation, BIB p-nom , responses pertaining to each beam specimen. The 

moment-rotation relationship showed a linear trend up to a proportional moment, M pl . 

Beyond this moment, the flexural stiffness deteriorated gradually until the yield moment, 

MY =l 59 kNm (1.03 M p-non,), was attained. Although the flexural stiffness deteriorated 

rapidly beyond the yield moment, the beam specimens continued to carry additional load 

up to the gross-section plastic moment, M P= 177 kNm ( 1.15 M p-nom ). After reaching the 

plastic moment, although the flexural stiffness deteriorated more rapidly, the beams were 

able to attain a maximum moment, Mm . Beyond the maximum moment, the variation of 
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moment-rotation responses were similar to the description as provided for the load

deflection relationship above. 

Table 5.3 presents the test results based on the moment-rotation behavior. The third 

column gives the normalized proportional moments, M pl . The fourth and fifth columns 

have the normalized rotations corresponding to the yield moment, M Y= 159 kNm 

( 1. 03 M p-nom ), and the normalized rotations corresponding to plastic moment, M P = 1 77 

kNm (1.15 M p-non,), respectively. The sixth and seventh columns summarize a 

normalized maximum moment and the corresponding rotation for each beam tested. The 

eight and ninth columns provide a normalized rotation corresponding to the plastic 

moment, M P= 177 kNm (1.15M p-nom ), again on the descending branch (B; ) and a 

normalized rotation at fracture ( 81 ), respectively. 

Figures 5.1 [C] through 5.25[C] show the normalized moment, M I M p-nom, versus the 

normalized end rotation, BI B p-nom . The description of general variation related to the 

moment-end rotation responses was similar to the moment versus rotation responses as 

described above (for the moment-midspan rotation relationship). 

Table 5.4 summarizes the test results on the basis of the established moment versus end 

rotation relationships. Normalized end rotations corresponding to the yield moment, 
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M Y= 159 kNm ( 1.03 Mp-non,), and the plastic moment, MP= 177 kNm ( 1.15 M p-nom ), 

are given in the fourth and fifth columns, respectively. Normalized end rotations 

established at maximum moments are presented in the seventh column. Normalized 

rotations at the plastic moment, M P= 177 kNm (1 .15 M p-nom ), again on the descending 

branch and at fracture are provided in the eighth and ninth columns of Table 5.4, 

respectively. 

Figures 5.1 [D] through 5.25[D] illustrate the load, P, versus the out-of-plane 

displacement, 8, of the compression flange relative to the tension flange at the center 

midspan. Local buckling loads associated with the compression flange were established 

from each beam test and are summarized in Table 5.5. For Group A-specimens, except 

beams A80-1 and A 75-B-1 , the local buckling loads based on test measurements were 

found to be lower than the loads at which a wave type local buckle was visually observed 

during the tests. This may be because of the manner in which LVDT-3 and LVDT-4 were 

attached between the tension and compression flanges (see Figure 4.6 in Chapter 4). Note 

that the L VDT based measurements may possibly include any relative movement 

between the flanges as the beam specimens deformed laterally (due to lateral torsional 

buckling). 

Figures 5.26 shows the normalized moment, MI M p-nom , versus strain, & , measured at 

various locations across a cross-section at the center midspan of beam specimens A 100-4, 

A 75-3 , A 70-2 and A 75-B-l. As seen in the figure, the strains were recorded at the 
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following locations; (1) outer surface of the tension flange closer to hole (25 mm away 

from the center of the hole); (2) outer surface of the tension flange at the flange-web 

junction; (3) web-closer to the tension flange (60 mm from the middle web); (4) middle 

web; (5) web-closer to the compression flange (60 mm from the middle web); (6) outer 

surface of the compression flange at the flange-web junction; and (7) outer surface of the 

compression flange closer to hole (25 mm away from the center of the hole). The strains 

recorded when the beam specimens reached the yield moment; M Y = 159 kNm 

(1.03 M p-non,), plastic moment, M P = 177 kNm (1.15 M p-nom ), and maximum moments 

are summarized in Table 5.6. As seen in the second column of Table 5.6, as beam 

specimen A 100-4 reached M Y = 159 kNm ( 1.03 M p-nom ), the outer surfaces of the 

tension and compression flanges nearly attained the yield strain of the flange material of 

0.2% (measured). When beam Al 00-4 reached M P = 177 kNm (1 .15 M p-nom ), the strain 

measurements, as seen in the sixth column of Table 5.6, indicated that the whole cross

section, except a portion at the middle web, has completely yielded. The strains at the 

maximum moment for beam A 100-4 revealed that whole cross-sections in the midspan 

region, except the web portion closer to the neutral axis, experienced strains well above 

the onset of strain hardening strain of the flange material of 1.3% (see tenth column of 

Table 5.6). However, these strains were well below the strain corresponding to the tensile 

strength of the flange material (15.5%). This was because the flanges of solid flexural 

members cannot reach the ultimate strain since the failure of such beams may be 

triggered by local buckling (or combined with lateral torsional buckling) as soon as the 
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compression flanges reached the onset of strain hardening strain (Haaijer and Thruliman, 

1958). 

As beam specimens A75-3, A70-2 and A75-B-1 reached M Y =159 kNm (l.03Mp-nom), 

the strains measured adjacent to the hole region revealed that perhaps due to stress 

concentration the flange experienced strain well above the yield strain (0.2% of the flange 

material). Moreover, as beams A 75-3 and A 70-2 attained MP = 177 kNm (1.15 M p-nom ), 

the strain at the middle web was approximately 0.05%. This implied that no great 

deviation of the plastic neutral axis from the gross cross-section to the net cross-section 

has occurred. Conversely, a theoretical analysis indicates that a substantial movement of 

the neutral axis occurs due to holes of 25% (A 75-3) and 30% (A 70-2) to the gross flange 

area in the tension flange only. During the test some of the strain gages did not work 

properly or went out ofrange and are denoted herein as NIA in Table 5.6. 

5.3 Comparison of Experimental and Calculated Initial Stiffnesses 

Table 5.7 presents the experimentally determined stiffness based on the (1) load-midspan 

deflection responses ( k6 )exp (2) moment-rotation responses ( k8 )exp and (3) moment-end 

rotation responses ( kfk )exp· The experimentally obtained stiffness is the slope of the initial 

linear portion of the test data. The slope was determined by a regression analysis as noted 

in Chapter 4. Approximately 30% of test data prior to the calculated yield load was used 
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for this linear regression analysis. As discussed previously in Chapter 4, the stiffnesses 

using Equations 4.3, 4.4 and 4.5 were also calculated based on the measured cross

sectional dimensions and the mechanical characteristics of the flange material. As 

summarized in the fourth column of Table 5.7, the (k"' )expl(k"' )cal varied from 0.87 and 

1.03. The (k8 )expl(k8 )cal ranged between 0.98 and 1.16 (see the seventh column). The 

( k61< )exp/( kaJcaI spanned between 0.94 and 1.09. This comparison indicated that a 

relatively good correlation existed between the experimentally determined stiffness and 

the calculated stiffnesses. The discrepancies between the experimentally obtained values 

and the calculated values may be attributed to various factors such as the presence of 

residual stresses, the presence of geometric imperfections, variations in mechanical 

characteristics, variations in geometrical dimensions, reaction frame flexibility and the 

accuracy of the measuring instruments, etc. (Green 2000). 

5.4 Summary Test Results 

5.4.1 Overview 

Figure 5.27 compares the moment versus rotation responses of solid beams Al00-1 , 

A 100-2, A 100-3 and A 100-4. As seen in this figure, the responses of four members were 

close to each other until a maximum moment was reached, although a slight variation did 

occur due to the inherent variablities; the presence of residual stresses, initial 
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imperfections, inhomogeneous material characteristics, etc. After the attainment of 

maximum moment, beam specimens Al00-1, Al00-3 and Al00-4 responded similarly in 

which the unloading occurred gradually with increasing rotation. The unloading of beam 

specimen Al00-2, however, occurred rapidly. The unusual occurrence of rapid unloading 

may be attributed to fact that beam A 100-2 buckled locally at one of the loading locations 

(towards B end) during the test. 

Figure 5.28 compares the moment versus rotation response for the beam specimens 

having holes in the tension flange . The corresponding plot for solid beam A 100-3 is also 

included in this figure. This was to illustrate how the presence of holes in the tension 

flange influenced the overall flexural behavior of beam members made of ASTM A992 

steel. As can be seen in Figure 5.28, when holes were made on the tension flange in the 

critical moment (maximum moment) region, the responses of the beam members in terms 

of strength and ductility was considerably altered. A quantitative analysis of the impact 

on strength and member ductility due to the presence of flange holes will be provided in 

the following section of this chapter. 

Figures 5.29 through 5.32 provide a comparison of the moment versus rotation behavior 

for the beam members having; (1) open holes in the tension flange ; (2) open holes in both 

flanges; and (3) fastener holes in both flanges. The corresponding plot for solid beam 

A 100-3 is also included in these figures to illustrate how the presence of holes under 

various scenarios influenced the overall behavior of flexural members. As seen in Figures 

5.29 through 5.32, when holes occurred in both flanges the flexural strength was 

CHAPTER: 5 155 



considerably reduced than a similar member having holes exclusively in the tension 

flange. However, when the holes contain fasteners of standard size the strength of the 

beam member was increased slightly over a similar member having holes in both flanges. 

It was also observed that the strength of beam members having holes exclusively in the 

tension flange and that of beam members having fastener holes in both flanges under 

similar condition were in close agreement (see Figures 5.29 through 5.32). Thus, it can be 

concluded from this observation that the use of fasteners of standard sizes could be 

partially effective in resisting the bending stresses in the compression region. 

Nevertheless, it was observed that the flexural behavior in terms of ductility, which is 

usually measured as a rotation capacity, was not improved as much as strength when 

holes were filled with fasteners of standard size (see Figure 5.29). This may be attributed 

to the fact that the presence of holes of any type, either open holes or fastener holes, will 

cause early yielding in the vicinity of hole region due to the presence of stress 

concentrations. As a result, the overall member ductility may be reduced. 

Figure 5.33 shows photographic images taken in the midspan region of the test beams. As 

seen in the figure, the solid members exhibited a failure mode accompanying a large 

downward local buckle of the compression flange on one side and a permanent lateral 

deformation with a slight upward local buckle on the opposite side in the midspan region. 

Beam specimens A90-1 , A85-1, A85-F-1 and A85-B-1 also experienced a similar failure 

mode as the solid members (see Figure 5.33). Holes in the tension flanges of these beams, 

however, stretched out in the longitudinal direction without causing necking across the 
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flange width at the hole location. The failure mode associated with beam specimens A80-

1 and A 75-B-1 was primarily due to local buckling consisting of a downward local 

buckle on one side and upward local buckle on other side. No lateral deformation in the 

midspan region of beams A80-l and A 75-B-1 was observed. In beam specimens A85-B-

1 and A75-B-1 , holes in the compression flange squeezed in the longitudinal direction. 

That is, as shown in Figure 5.34[A] , holes in the compression flange seemed to be a 

conical shape at the end of the test. As depicted in Figure 5.34[B] , holes in the tension 

flanges of beams A80-1 and A75-B-1 stretched out in the longitudinal direction and 

necking was clearly visible on the tension flange across the hole location. 

Beams A75 senes, A70 senes, A70-B-1 and A75-F-1 experienced a failure mode 

consisting of local buckling of the compression flange followed by net-section fracture 

through holes in the tension flange. However, beams A60 series, A50-1, A60-B-1 , A70-

F-1 and A60-F-1 fractured suddenly through holes in the tension flange as soon as they 

reached a maximum load. In all cases considered, a substantial amount of yielding 

occurred in the midspan region which was observed by flaking of whitewash, which was 

applied prior to the test. 

5.4.2 Strength of Beams Based on Test Results 

Table 5.8 summarizes the followings ; (1) the nominal net-section fracture strength-to

nominal gross-section yield strength ratio (A Jn Fu I A Jg FY); (2) the maximum measured 
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moment (including an average of identical tests) ( M
111 

); and (3) the strength reduction (in 

percentage) with respect to the solid beams. The nominal net-section fracture strength 

(A Jn F,, ) and the nominal gross-section yield strength ( A Jg FY) were calculated based on 

the measured ultimate and yield strengths of the flange material of 531 MPa and 409 

MPa, respectively. The flexural strengths of the beam specimens, having 

AJn Fu I AJg Fy ~ 1.0, were not significantly affected due to holes in the flanges (see the 

fifth column of Table 5.8). Moreover, these beam specimens failed in ductile manner due 

to either a combined lateral torsional buckling and local buckling or mainly local 

buckling of the compression flange. 

As presented in the fifth column of Table 5.8, the strength reduction increased as the size 

of holes increased, particularly for the cases where A Jn Fu I AJg Fy <l.O. Thus, beam 

specimens A75 series and A70 series with the A1;,F,, I AJg Fy ratio value of 0.96 and 0.92, 

respectively, had a strength reduction of 2.3% and 4. 7%, respectively. Furthermore, these 

specimens failed due to net-section fracture, which was preceded by local buckling. 

Therefore, beam specimens A 75 series and A 70 series did not experience a sudden 

failure, rather providing some warning of impending failure such as a wave type local 

buckle in the compression flange prior to fracturing. Assuming a reduction in strength 

within 5% range can be ignored from the design stand point, holes of approximately 30% 

to the gross flange area can be ignored in flexural strength calculations for beam 

specimens having holes either in the tension flange only or fastener holes in both flanges 
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(see the fifth column of Table 5.8). It is pertinent to note that Kicinsky's study (1963) on 

a rolled beam made of ASTM A 7 steel with FY I Fu ratio of approximately 0.5 indicated 

that no moment reduction occurred for fastener holes of 23% to the gross tension flange 

area. Douty and McGuire (1965) concluded based on their test results that no moment 

reduction occurred for beam specimens with 27% fastener holes to the gross flange area. 

The beam specimens in their study conformed to ASTM A 7 steel with FY I Fu ratio of 

approximately 0.5 (see Chapter 2 for further details). Zahorsky (1994) conducted flexural 

tests on beam specimens made of Grade 50 steel with FY I Fu ratio of 0.73. Based on the 

test results, Zahorsky ( 1994) recommended that the holes of normal size up to 3 0% of the 

gross flange area can be ignored in calculating the cross-sectional strength of a flexural 

member. The test results presented in this thesis report was therefore, closely comparable 

to the past research studies for the cases where either open holes occur in the tension 

flange only or "snug tight" fastener holes exist in both flanges. Beam specimens A60 

series (A1nFu I A1gFy=0.81<1.0) and A50-1 (A1nFu I A1gFy=0.67<1.0) showed a strength 

reduction of 9% and 17%, respectively. Also these specimens failed as a result of net

section fracture as soon as a maximum moment was reached (brittle failure). 

Beam specimen A75-B-1 (A1nFu I A1gFy=0.96<1.0) having holes in both flanges had a 

strength 6.5% lower than the solid beam and 4.3% lower than a similar beam having 

holes exclusively in the tension flange (A75 series). Beam specimen A70-B-1 

(A1nFu I A1gFy=0.91<1.0) had a strength 8% lower than the solid beam and 3.4% lower 
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than a similar beam having holes in the tension flange only (A 70 series). The strength 

reduction associated with beam specimen A60-B-l(A1nFu I A1gFy =0.82 <1.0) was 10.3% 

lower than the solid beams and 1.5% lower than a similar member having holes in the 

tension flange only (A60 series). It was of interest to note that the strength reductions 

between beams A70-B-1 and A70 and between beams A60-B-1 and A60 decreased. This 

may be due to the fact that the larger holes cause early net-section fracture . Therefore, it 

may be concluded that the flexural strength was governed by the nature of failure such as 

fracture regardless of the presence of holes in the compression flange. 

When holes contained "snug tight" fasteners of standard sizes, beam specimens A 75-F-1 , 

A70-F-1 and A60-F-1 had a strength reduction of 1.9%, 3.3% and 9.3%, respectively. It 

was noted that the flexural strength of the beams having holes in the tension flange only 

and that of similar beams having "snug tight" fasteners in both flanges were closer to 

each other (see the fifth column of Table 5.8). Therefore, it is concluded that the presence 

of fasteners in the compression flange was partially effective in resisting the flexural 

stresses. 

5.4.3 Rotation Ductility of Beams Based on Test Results 

Two different definitions of the "rotation capacity"; such as a rotation capacity at the 

maximum moment (Rm) and a total rotation capacity (RY) were used to establish the 

ductility of a flexural member. Table 5.9 summarizes the Rm and RY values determined 
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from the moment versus rotation curve for each of the beam specimen considered. Table 

5.9 also includes average rotation capacities for identical tests. Note that an average RY 

for the solid beam specimens was established based on the test results of Al00-3 and 

Al 00-4 only, whereas an average Rm was established using the test results of all four 

solid beams. As presented in the fifth and seventh columns of Table 5.9, the percentage 

reductions in Rm and RY for each beam specimen were established relative to the 

corresponding average values of the solid beams. 

As summarized in the fifth and seventh columns of Table 5.9, the rotation capacities were 

not influenced significantly due to holes in the tension flanges for the beam specimens 

having the A1nFu I A1g Fy ~l.O (for example A90-l , A85-l and A80-1). Nevertheless, as 

the A1nFu I A1gFy ratio decreased the percentage reductions in RY for beams A75 series, 

A70 series and A60 series and A50-1 increased from 19.9% to 77.2% (see the fifth 

column of Table 5.9). The percentage reduction associated with Rm for beams A 70 

series, A60 series and A50-1 varied between 9% and 61 %. When open holes occurred in 

both flanges, the reductions in RY for beam specimens A85 -B-1, A75-B-1 , A70-B-1 and 

A60-B-1 increased from 10.9% to 56.4%. The Rm associated with beam A75-B-1 , A70-

B-1 and A60-B-1 was 20.3%, 26.8% and 25.2%, respectively, lower than the 

corresponding value of the solid beam. 
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When holes contained "snug tight" fasteners, the rotation capacities of the beam 

specimens were not significantly influenced provided that A Jn Fu ~ A Jg FY. As the 

A1;, F,, I AJg Fy ratio decreased, the percentage reduction in RY for beam specimen A75-F-

1, A70-F-1 and A60-F-1 increased from 28% to 60%. A similar trend of reduction in R
111 

was observed varying between 4% and 31.7% for beams A75-F-1 , A70-F-1 and A60-F-l. 

It can be noted that the strength and ductility of the beam specimens, whose failure was 

accompanied by the combined lateral torsional buckling and local buckling (for example 

A85-F-1 ), were considerably improved as the fasteners of standard sizes were inserted 

into the flange holes. This was not true, however, for the beam specimens, whose failure 

was due to net section fracture (brittle failure) . 

5.5 Evaluation of Experimental Results 

This section presents an evaluation of the experimental results in terms of the moment 

capacity ( M "' ) of beam specimens having the flange holes (or flange fastener holes) of 

various diameters by comparing with the theoretical moment calculation; gross-section 

plastic moment (MP) and net-section fracture moment ( M Jh ). The net-section fracture 

moment is defined as follows (Dexter and Altstadt, 2003): 

M Jn =ZnFu (5.1 ) 

where Z
11 

is the plastic section modulus of the net-section and Fu is the measured 

ultimate strength of the flange material. When holes were made exclusively in the tension 
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flange (or fastener holes occurred in both flanges), the plastic section modulus of the net

section, Zn, was calculated based on the movement of the position of the neutral axis 

from the gross cross-section to the net cross-section (see Chapter 3-Equation 3.6). 

However, the strain measurements made on the middle web of the beam specimens 

having holes in the tension flanges only (A 75-3 and A 70-2), indicated that the movement 

of the neutral axis from the gross cross-section to the net cross-section at the hole 

location was not significant throughout the test (see Figure 5.26). That is, the position of 

the neutral axis underwent negligible change. This may be attributed to the fact that the 

holes were made over a short length compared to the length of uniform moment span, the 

stress conditions do not change abruptly enough to allow a complete redistribution of 

stresses within this short length. Therefore, the neutral axis cannot move suddenly from 

the gross cross-section to the net cross-section at the hole location, unless raw of holes 

were made in a significant portion of the midspan region. Moreover, the material strain 

hardening will inhibit the movement of the neutral axis as stresses in the vicinity of hole 

region may be more than the yield stress when the beam specimen reaches its plastic 

moment capacity. However, the movement of the neutral axis at the holes location was 

considered (based on the ideal elastic-perfectly plastic material behavior) in this study as 

a conservative design approach. 

The maximum moment, Mm, obtained experimentally and net-section fracture moment, 

M 1n , calculated using Equation 5.1 are summarized in Table 5.10. Also, the M
111

/ M P, 
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Mm IM Jn and MP IM Jn ratio values, where MP =177 kNm, are tabulated in Table 5.10. 

All test beams including specimen A50-1, in which holes removed a maximum 48% of 

the gross flange area, had a maximum moment more than M P . In other words, net 

section fracture failure did not limit the attainment of the full plastic moment capacity. As 

provided in the sixth column of Table 5 .10, the Mm IMP ratio value decreased as the 

A Jn F,, I A Jg FY ratio value decreased. On the contrary, the M m IM Jn ratio value increased 

as the AJnFu I AJg Fy ratio value decreased (see seventh column of Table 5.10). Therefore, 

it can be concluded that the establishment of moment based on M fii would be more 

conservative than M P when larger holes exist in the tension flanges causing sudden 

failure due to net-section fracture (for example A50-l ). Moreover, the Mm IM Jn ratio 

values were within 10% for the beams with holes in the tension flange only or fastener 

holes in both flanges . However, when holes existed in both flanges (as high as 37% of the 

gross flange area), the Mm IM Jn ratios were within 20% (see the seventh column of 

Table 5.10). This revealed that there was a reasonable margin between M
111 

and M Jn 

(about 20%). 

As presented in Figure 5.34, the MP IM Jn ratio increased as the AJn F,, I AJg Fy ratio 

decreased for three different scenarios considered; (1) open holes in tension flange only, 

(2) open holes in both flanges and (3) fastener holes in both flanges. As indicated in the 

figure, failure of the beam specimens having the AJn F,, I AJg Fy <1.0 was due to net-
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section fracture (brittle failure mode). On the other hand, the beam specimens having the 

A Jn Fu I A Jg FY> 1.0 failed as a result of the combined lateral trosional buckling followed 

by local buckling (ductile failure). Therefore, it can be suggested from this figure that a 

design check, analogous to the tension member provision as per the current CSA (2003) 

code, be made. In this design check (for flexural members having holes in the flange), the 

gross cross-section shall be designed for MP (lower if the compression flange or web 

limit states control) while establishing the M Jn at the net-section. The lesser of these two 

values can be used as a design moment. Note that the discussions and conclusions made 

herein were based on the steel grade having the measured yield-to-ultimate strength ratio 

of 0.77. Thus, such conclusions may be appropriate for steel grades with FY I Fu <0.85 . 

5.6 Comparison of Test Results with Various Code Provisions 

In this section, various international code provisions dealing with the design moment 

calculation for flexural members having flange holes (or fastener holes) are briefly 

presented. The code based design moments are compared with the experimentally 

established maximum moment and theoretically obtained gross-section plastic moment. 

Case 1: Open Holes in Tension Flange Only: Table 5 .11 summarizes design moments 

established in accordance with five different code provisions as considered in Chapter 3. 

As discussed, the current CSA (2003) and the BS5950 (BSI 2001) provisions use the net-
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section calculation to establish the design moment for a flexural member having open 

holes in the flanges. That is, the design moment, Md = z n FY , where z n is the plastic 

section modulus of the net section and FY is the yield strength of the flange material. As 

per the current AISC-LRFD (2005), holes up to 23% to the gross flange area can be 

ignored for a steel grade having the FY I Fu ratio value of 0.77, such as the steel grade 

used in this study. Thus, beam specimens A90-l , A85-l and A80-l can be designed to 

carry the full plastic moment capacity, MP =177 kNm. Based on the AISC-LRFD (2005), 

when holes result in removal of more than 23% of the gross flange area, the design 

moment will be calculated as, Md= ZnFy . Note that the current AISC-LRFD (2005) 

does not seem to take into account the effects of open holes occurring exclusively in the 

tension flanges. The previous version of the AISC-LRFD (1999, however, ignores holes 

up to 7.6% of the gross flange area for a steel grade having the FY I Fu =0.77. The 

AS4 l 00 (SA 1998) permits holes up to 9.4% of the gross flange area for the beam 

material having the FY I Fu =0.77. 

Case 2: Open Holes in Tension and Compression Flanges: the AISC-LRFD (2005) 

established higher moment relative to M P (=177 kNm) than the other code methods. 

Following the AISC-LRFD (2005), the AS4100 (SA 1998) permitted higher moment 

relative to M P than the CSA (2003) and the BS5950 (BSI 2001) codes. The ASIC-LRFD 

(1999) was more conservative over the other code methods. 
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Case 3: Fastener Holes in Tension and Compression Flanges: as discussed, the CSA 

(2003) code considers a 15% exemption for the effects of fastener holes. Thus, beam 

specimen A85-F-1 was exempted from the effects of holes and can be designed to carry 

its full plastic moment capacity, M P. As presented in Table 5.11, the CSA (2003) 

allowed higher moment over the other codes considered. Following the CSA (2003), the 

BS5950 (2001) established higher moment relative to MP (=177 kNm). Following the 

BS5950 (2001), the AISC-LRFD (2005) allowed higher moment relative to M P (=l 77 

kNm). Overall, the AISC-LRFD (1999) code was more conservative than the other code 

prov1s1ons. 

Percentage reductions between the design moments, established based on five code 

methods, and the maximum measured moments are also presented in Table 5.11. For the 

beam specimens having open holes (9%-48% of the gross flange area) in the tension 

flanges only, the CSA (2003), the AISC-LRFD (2005), the BS5959 (BSI 2001) and the 

AS4100 (SA 1998) allowed, M d (on average) approximately 75% of M m. For the 

similar case, however, the AISC-LRFD ( 1999) permitted M d (on average) 

approximately 60% of M m. When open holes of 15%-37% to the gross flange area 

occurred in the both flanges, the Mm (on average) was 30% more than Md established 

on the basis of the CSA (2003), the BS 5950 (BSI 2001) and AS 4100 (SA 1998). For the 

similar case, the M m (on average) was approximately 25% and 3 7% more than Md as 

per the AISC-LRFD (2005) and the AISC-LRFD (1999), respectively. Overall, the code 
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based estimates were unnecessarily conservative when compared to the measured 

maximum moments. 

5.7 Proposed Method for Flexural Members with Flange Holes 

The variation of M P IM Jn ratio with A fii F,, I A Jg FY ratio for the test beams is as shown in 

Figure 5.35. From this figure, it can be seen that the MP IM Jn ratio decreases as the 

A 1,, F,, I A Jg Fy ratio increases. As shown in Figure 5.36, the beam specimens having the 

A1;, F,, I AJg Fy ~l.O failed in ductile manner and in such cases, the M P I M Jn <0.85 (also 

see the eighth column of Table 5.10). However, the beam specimens having 

theAJn Fu I A1kFY <1.0 failed as a result of net-section fracture (brittle failure) and in such 

cases, the M P I M Jn> 0.85. When holes occurred in both flanges, the beam specimens 

with the AJnFu I AJg Fy>0.95 failed due to local buckling of the compression flange 

(ductile failure) and in such cases the MP IM Jn <1.0. On the other hand, the beam 

specimens (holes occurred in both flange), having the AJn Fu I A1gFy <0.95 , failed as a 

result of net section fracture and in such cases the MP IM Jn> 1.0. In conclusion, the 

analysis of the experimental test results, therefore, indicated that limiting the stress in the 

tension flange to 0.85 Fu provides a lesser probability of net-section fracture . 
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Based on the test results, a design procedure can be proposed, which is analogous to the 

design provision associated with a direct tension member. According to the clause 13 .2 of 

the CAN/CSA-S 16.01 (2003) standard, the nominal tensile resistance developed by an 

axial tension member shall be taken as the least of the gross-section yield strength 

( AgFy) or net-section fracture strength (0.85 AnFJ. Similarly, for flexural members 

having flange holes, the nominal design moment at hole location can be established as 

follows: 

• The gross cross-section, obviously, shall be designed to carry M P(= Z g FY) (or 

lower if other limit state such as web buckling/yielding controls). 

• At hole location, the modified net-section fracture moment capacity be calculated, 

If M P ~ M f nm , the effects of holes (or fastener holes) can be ignored, hence, the flexural 

member will be designed to carry its gross-section plastic moment capacity. Otherwise, 

the member will be designed to carry its modified net-section fracture moment capacity. 

Table 5.12 summarizes the calculated proposed design moment (Mdp ). This table also 

compares the M dp with the M P and with the M"' . As seen in the eighth column, the 

M P IM dp ratio values varied between 1.0 and 1.24 for the case where open holes of 9%-

48% to the gross flange area exits in the tension flange only. When open holes of 14%-

3 7% to the gross flange area occurred in both flanges the M P IM dp ratio values ranged 

between 1.03 and 1.32. For fastener holes of 15%-38% to the gross flange area existed in 
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both flanges, the MP/Mdp ratio values spanned from 1.0 to 1.13. The ninth column of 

Table 5.12 presents the Mm IM dp ratio values for the beam specimens considered. For 

open holes of 9%-48% to the gross flange area occurred in the tension flanges only, the 

Mm I M dp ratios ranged between 1.21 and 1.25 with an average margin of 1.23. However, 

when open holes of 14%-37% to the gross flange area existed in both flanges, the 

Mm/ M dp ratios varied from 1.22 to 1.43 with an average margin of 1.33. The Mm / Mdp 

ratio values for the beam specimens having open holes in the tension flange only and 

similar specimens with fastener holes in both flanges were closer to each other (see ninth 

column of Table 5.12). Therefore, calculation of design moments for flexural members 

having flange holes as per the proposed method had a substantial margin of safety (more 

than 20%) with respect to the maximum measured moment for all cases considered. 

A comparative analysis between the design moment calculations as per the existing code 

methods and the proposed method is summarized in Table 5.13. The proposed method 

allowed a higher moment than the code methods considered. This revealed that the 

current code provisions, particularly the 15% rule used in the current CAN/CSA-S 16.01 

standard (CSA 2003), are unnecessarily conservative as compared to the proposed 

method developed based the experimental results in this study. Dexter and Altstadt 

(2003) also indicated that the 15% exemption rule and the other currently existing 

specifications are conservative. However, such conclusion may be valid for steel grades 

having FY I Fu <0.85. 
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Figure 5 .3 7 shows the variation of normalized design moment, M d I M P , with increasing 

holes to the gross-flange area, ph, in the tension flange only. As seen in Figure 5.37, the 

design moments in accordance with the proposed method and the AISC-LRFD (2005) 

code method were identical for holes upto 23% of the gross flange area 

(A1nFu I A1gFy2'.:1.0) . However, beyond 23% (A1nFu I A1gFy <1.0), the moment as per the 

proposed method allowed relatively higher value over all five different code based design 

moment under consideration. Figure 5.38 shows the variation of normalized design 

moment, M d I M P, with increasing holes to the gross-flange area, ph, in both the tension 

and compression flanges. As seen in the figure, the proposed method was in close 

agreement with the AISC-LRFD (2005) code method. Moreover, the proposed method 

allowed slightly higher moment than the AS4100 (SA 1998) code method. Figure 5.39 

illustrates the variation normalized design moment, Md IMP, with increasing fastener 

holes of the gross-flange area, ph, in both the tension and compression flanges. In this 

case, the design moments in accordance with the proposed method and the AISC-LRFD 

(2005) code method were identical for holes less than 23% of the gross flange area 

(A1nFu I A1gFy2'.:1.0). However, beyond 23% (A1nFu I A1gFy <1.0), the proposed method 

allowed slightly higher moment than the CSA (2003) code method and the BS5950 (BSI 

2001) code method. In all cases under consideration, the AISC-LRFD (1 999) code 

provision was excessively conservative. Overall, the prediction of design moment based 

on the proposed method for all three different cases under consideration was equal or 

grater than the code based design moments. 
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5.8 Summary 

Based on the experimental results, the beam specimen having open holes of 

approximately 30% of the gross flange area in the tension flange only had a flexural 

strength of more than 95% of the solid beam (i.e., strength reduction was less than 5%). 

This was also true when the beam specimens had fastener holes in both flanges. 

However, when open holes occurred in both flanges, the strength reduction associated 

with beam specimens A85-B-1 and A75-B-1 were of 1.8% and 6.5%. Therefore, open 

holes of upto 20% to the gross flange area may be provided in both flanges to obtain a 

flexural strength of more than 95% of the solid beam. Moreover, the test results revealed 

that the 15% exemption rule as per the current CAN/CSA-S16.01 (CSA 2003) standard 

was more restrictive for steel grades having FY I Fu .'.S0.8 , such as used in this test program 

(FY I F,, =0.77). The experimental results were closely correlated with the current AISC

LRFD (2005) in establishing a threshold value based on the ratio between A111 F,
1 

and A Jg FY . A design method was proposed on the basis of experimental results obtained 

in this study. The proposed method was compared with various code methods as 

considered in Chapter 3. 

Overall, the design moments calculated based on the proposed method allowed slightly 

higher design moments than the various code based estimations. The proposed method 

was analogous to the tension member provision as per the Clause 13.2 of the current 
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CAN/CSA-S16.01 specification (CSA 2003). The proposed method circumvented an 

unnecessary ambiguity regarding the type of hole (whether it is a plain hole or fastener 

hole) since it treats the effects flange holes in the same manner. In contrast, the clause 

14.1 of the current CAN/CSA-S16.01(CSA2003) standard treats the effects of holes and 

fastener holes in a different manner, in which when holes occur in flanges the theoretical 

net-section calculation shall be adopted whereas, when fastener holes occurs, the 15% 

exemption rule shall be applied. Moreover, the proposed method, as opposed to the 

current CSA (2003) code provision, considered the mechanical characteristics of the steel 

grade in terms of yield-to-ultimate strength ratio values. 
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Table 5 .1: Group of Beam Specimens Exhibiting Similar Failure Modes 

Description 
(1) 

Beam ID 

Observed Failure Mode 

Typical ( M - (} ) relation 

Number of specimens under 
each group 

CHAPTER: 5 

Group A 
(2) 

A 100-1 ,A 100-2,A 100-
3,A 100-4,A90-1 ,A85-1 ,A80-

1,A85-B-1 ,A 75-B-1 and 
A85-F-1 

(L TB+ LB )/LB 

As shown in Figure 4.8[A] 

10 

Group B 
(3) 

A 75-1,A75-2,A 75-3 ,A70-
l,A 70-2,A70-3, and A75-F-1 

LB+TF 

As shown in Figure 4.8[B] 

7 

Group C 
(4) 

A60-1,A60-2,A60-3 ,A50-
1,A 70-B-l ,A60-B-l, 
A70-F-1 and A60-F-l 

TF 

As shown in Figure 4.8[C] 

8 
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Beam 
ID 
(I) 

Al00-1 
Al00-2 
Al00-3 
Al00-4 

A90-1 
A85-1 
A80-1 
A75-1 
A75-2 
A75-3 
A70-1 
A70-2 
A70-3 
A60-1 
A60-2 
A60-3 
AS0-1 

A85-B-1 
A75-B-1 
A70-B-1 
A60-B-1 

A85-F-1 
A75-F-1 
A70-F-1 
A60-F-1 

Table 5.2: Summary Test Results Based on Load versus Midspan Deflection Relationship 
[Pp-nom =286 kN and~ p-nom =7.5 mm] 

Point A Point B Point C Point D Point E Point FIG 
Associated 

Results pp/ I pp-nom ~y I~ p-nom ~: I~ p-nom pm I pp-nom ti m / ti p-nom ~~ I~ p-nom ~ f I~ p-nom 
(2) (3) (4) (5) (6) (71 (lU_ (9) 

Figure 5.1 [A] 0.81 1.12 1.28 1.40 10.9 NIA 
Figure 5.2(A) 0.83 1.11 1.26 1.39 10.4 13.9 NIA 
Figure 5.J[A] 0.83 1.09 1.23 1.39 11.0 16.8 
Figure 5.4[A] 0.78 1.10 1.26 1.39 11.3 16.5 
Figure 5.5[A) 0.81 1.08 1.29 1.39 11.3 15.7 NIA 
Figure 5.6[A) 0.77 1.11 1.31 1.40 10.6 15.2 
Figure 5.7[A) 0.79 1.11 1.35 1.38 10.0 14.6 
Figure 5.8[A] 0.78 1.14 1.48 1.36 9.0 NIA 11.4 
Figure 5.9(A] 0.72 1.19 1.55 1.34 10.4 NIA 13.5 
Figure 5. IO(A] 0.79 1.15 1.51 1.36 10.0 NIA 13.4 
Figure 5.11 (A) 0.74 1.14 1.65 1.33 8.7 NIA 11.6 
Figure 5.12(A] 0.70 1.15 1.54 1.33 9.4 NIA 10.5 
Figure 5. IJ[A) 0.70 1.14 1.60 1.31 8.5 NIA 11.0 
Figure 5.14(A] 0.69 1.19 1.86 1.28 6.9 NIA 6.9 
Figure 5.15[A) 0.70 1.25 2.14 1.26 7.4 NIA 7.4 
Figure 5. l 6(A] 0.71 1.20 1.77 1.27 6.7 NIA 6.7 
Figure 5. l 7[A) 0.67 1.38 2.35 1.16 3.8 NIA 3.8 
Figure 5.18(A) 0.81 1.12 1.57 1.36 9.4 13.9 NIA 
Figure 5.19[A] 0.76 1.22 1.86 1.30 7.7 12.6 NIA 
Figure 5.20(A] 0.72 1.25 1.92 1.28 7.3 NIA 10.4 
Figure 5.2 1(A] 0.69 1.38 2.35 1.25 6.5 NIA 6.5 
Figure 5.22 (A] 0.78 1.11 1.35 1.38 9.9 15.7 NIA 
Figure 5.23 (A) 0.76 1.22 1.67 1.36 10.0 NIA 12.1 
Figure 5.24 (A] 0.74 1.25 1.88 1.34 9.4 NIA 10.7 
Figure 5.25 (A] 0.71 1.57 2.37 1.26 6.8 NIA 6.8 
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Failure 
Mode 

(10) 

L.T.B+L.B 

L.T.B+L.B 
L.T.B+L.B 

L.B 

L.B+T.F 

L.B+T.F 

T.F 

T.F 

L.T.B+L.B 
L.B 

L.B+T.F 
T.F 

L.T.B+L.B 
L.B+T.F 
L.B+T.F 

T.F 
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Beam 
ID 
(I) 

Al00-1 
Al00-2 
Al00-3 
Al00-4 
A90-1 
A85-1 
A80-1 
A75-1 
A75-2 
A75-3 
A70-1 
A70-2 
A70-3 
A60-1 
A60-2 
A60-3 
AS0-1 
A85-B-1 
A75-B-1 
A70-B-1 
A60-B-1 
A85-F-1 
A75-F-1 
A70-F-1 
A60-F-1 
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Table 5.3 : Summary Test Results Based on Moment versus Rotation Relationship 
[M p-n0111 =154 kNm and Bp-nom = 0.0071 rad] 

Point A Point B Point C Point D Point E 
Associated 

Results M p/ I M p-nom By I Bp-nom e; I Bp-nom Mm I M p-nom Bm I Bp-nom e; I Bp-nom 
(2) (3) (4) (5) (6) (7) (8) 

Figure 5. I [BJ 0.81 1.01 1.30 1.40 13.3 NIA 
Figure 5 .2[BJ 0.83 0.98 1.10 1.39 14.0 18.8 
Figure 5.3[BJ 0.83 0.96 1.07 1.39 13.5 21.7 
Figure 5.4[BJ 0.78 0.94 1.12 1.39 13.0 22.7 
Figure 5.5[B] 0.81 0.94 1.13 1.39 16.0 21.9 
Figure 5.6[BJ 0.77 1.14 1.34 1.40 14.8 21.5 
Figure 5. 7[BJ 0.79 1.11 1.38 1.38 13 .2 20.0 
Figure 5.8[BJ 0.78 1.08 1.43 1.36 13.5 NIA 
Figure 5.9[BJ 0.72 0.95 1.40 1.34 14.5 NIA 
Figure 5. IO[B] 0.82 0.98 1.34 1.36 13.3 NIA 
Figure 5.1 l(BJ 0.74 1.10 1.57 1.32 11.2 NIA 
Figure 5.12(B] 0.70 0.97 1.95 1.33 14.6 NIA 
Figure 5.13[BJ 0.70 0.98 1.58 1.31 11.4 NIA 
Figure 5.14[BJ 0.69 1.02 1.91 1.28 10.4 NIA 
Figure 5. I 5[B] 0.70 1.10 1.86 1.26 10.0 i ' NIA 
Figure 5.16[BJ 0.71 1.12 1.88 1.27 9.4 NIA 
Figure 5. l 7[BJ 0.67 1.16 2.66 1.16 5.9 NIA 
Figure 5. l8[BJ 0.81 0.96 1.41 1.36 13.8 20.0 
Figure 5. l 9(BJ 0.76 1.21 2.02 1.30 11.0 18.2 
Figure 5.20[BJ 0.72 1.23 2.46 1.28 10.1 NIA 
Figure 5.2 l [BJ 0.69 1.57 3.27 1.25 10.3 NIA 
Figure 5.22[BJ 0.78 0.98 1.20 1.38 13.4 21.0 
Figure 5.23[BJ 0.76 1.06 1.61 1.36 13 .0 NIA 
Figure 5.24[BJ 0.74 1.13 2.12 1.34 13 .2 NIA 
Figure 5.25 [BJ 0.71 1.64 3.52 1.26 9.5 NIA 

Point FIG 

Bf I Bp-nom 
(9) 

NIA 

NIA 

17.2 
19.2 
17.7 
15.8 
16.2 
15.4 
10.4 
10.0 
9.4 
5.9 

NIA 
NIA 
15.4 
10.3 
NIA 
16.4 
15.6 
9.5 
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Beam 
ID 
(!) 

Al00-1 
Al00-2 
Al00-3 
Al00-4 
A90-1 
A85-1 
A80-1 
A75-1 
A75-2 
A75-3 
A70-1 
A70-2 
A70-3 
A60-1 
A60-2 
A60-3 
AS0-1 
A85-B-1 
A75-B-1 
A70-B-1 
A60-B-1 
A85-F-1 
A75-F-1 
A70-F-1 
A60-F-1 

Table 5.4: Summary Test Results Based on Moment versus End Rotation Relationship 
[M p-nom =154 kNm and Bep-nom = 0.0172 rad] 

Point A Point B Point C Point D Point E 
Associated 

Results M p/ I M p-nom By I Bep-nam e; I eep-nom Mm I M p-nom em I eep-nom e; I Bep-nam 
(2) (3) (4) (5) (6) (7) (8) 

Figure5. l(C] 0.81 1.04 1.27 1.40 9.6 NIA 
Figure 5.2[C] 0.83 1.02 1.19 1.39 8.9 11.8 
Figure 5.3(C] 0.83 1.03 1.19 1.39 9.6 14.4 
Figure 5.4[C] 0.78 1.03 1.21 1.39 10.5 15.3 
Figure 5.5[C] 0.81 1.01 1.21 1.39 9.9 13.7 
Figure 5.6[C] 0.77 1.04 1.22 1.40 9.6 13.3 
Figure 5.7[C) 0.79 1.07 1.21 1.38 8.7 12.2 
Figure 5.8[C] 0.78 1.07 1.22 1.36 7.7 NIA 
Figure 5.9[C) 0.72 1.06 1.34 1.34 9.1 NIA 
Figure 5. IO[C] 0.79 1.09 1.33 1.36 8.8 NIA 
Figure 5. 11 [CJ 0.74 1.15 1.53 1.32 7.5 NIA 
Figure 5.12(C] 0.70 1.09 1.69 1.33 7.9 NIA 
Figure 5.13[C) 0.70 1.10 1.46 1.31 7.3 NIA 
Figure 5.14(C) 0.69 1.13 1.69 1.28 5.6 NIA 
Figure 5.15[C] 0.70 1.16 1.78 1.26 6.0 NIA 
Figure 5.16(C] 0.71 1.15 1.75 1.27 5.5 NIA 
Figure 5. l 7[C] 0.67 1.29 1.89 1.16 3.4 NIA 
Figure 5. l 8(C) 0.81 1.10 1.52 1.36 8.1 11.4 
Figure 5. l 9[C] 0.76 1.13 1.56 1.30 6.6 9.9 
Figure 5.20(C) 0.72 1.15 1.58 1.28 5.7 NIA 
Figure 5.21 [CJ 0.69 1.25 2.01 1.25 5.1 NIA 
Figure 5.22[C) 0.78 1.06 1.29 1.38 8.5 13 .0 
Figure 5.23 [C) 0.76 1.13 1.45 1.36 8.4 NIA 
Figure 5.24 [C] 0.74 1.19 1.59 1.34 7.7 NIA 
Figure 5.25 [C] 0.71 1.36 1.96 1.26 5.5 NIA 
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Point FIG 

B1 I eep-nam 
(9) 

NIA 

NIA 

9.4 
11.4 
11.6 
9.5 
8.6 
9.3 
5.6 

-, 

6.0 
5.5 
3.4 

NIA 
NIA 
8.3 
5.1 

NIA 
9.8 
8.8 
5.5 
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Table 5.5: Established Load Corresponding to the Initiation of Local Buckling 

Compression 
Flange Local 

Associated Buckling Load 
Beam ID Results (kN) 

(! ) (2) (3) 

Al00-1 Figure 5.1 [DJ 370 
Al00-2 Figure 5.2[DJ 370 
Al00-3 Figure 5.3[DJ 355 
Al00-4 Figure 5.4[DJ 355 
A90-1 Figure 5.5 [DJ 365 
A85-1 Figure 5.6[DJ 355 
A80-1 Figure 5 7[DJ 360 
A75-1 Figure 5.8[D] 355 
A75-2 Figure 5.9[D] 348 
A75-3 Figure 5. I O[DJ 355 
A70-1 Figure 5 .11 [DJ 345 
A70-2 Figure 5.12[DJ 348 
A70-3 Figure 5.13[DJ 350 
A60-1 Figure 5.14(DJ 340 
A60-2 Figure 5. l 5(DJ 335 
A60-3 Figure 5.16[DJ 342 
AS0-1 Figure 5. l 7[DJ 330 
A85-B-1 Figure 5.18[DJ 365 
A75-B-1 Figure 5. l 9(DJ 350 
A70-B-1 Figure 5.20[DJ 335 
A60-B-1 Figure 5.21 [DJ 345 
A85-F-1 Figure 5.22[D] 350 
A75-F-1 Figure 5.23[D] 345 
A70-F-1 Figure 5.24(D] 340 
A60-F-1 Figure 5.25 [DJ 335 
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Table 5.6: Summary of Strain Values 

& at M y(= 0.91M P) & at Mp & at M"' 
(%) (%) (%) 

Location Al00-4 A75-3 A70-2 A75-B-I AI00-4 A75-3 A70-2 A75-B-1 Al00-4 A75-3 A70-2 A75-B-1 
(I) (2) (31 (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 

1 
(Tension flange- -- +0.56 +0.96 +0.79 -- +2.02 +2.25 +3.00 -- NIA NIA NIA 
closer to hol~ 

2 
(Tension flange- +0.21 NIA +0.55 +0.60 +0.43 NIA +1.67 +1.69 +3.98 NIA NIA NIA 

middle) 
3 

(Web-closer to +0.12 +0.25 +0.30 +0.35 +0.26 +0.58 +1.08 +0.98 +2.78 NIA NIA NIA 
tension flange) 

I 4 
+0.00 +0.02 +0.04 +0.02 +0.03 +0.05 +0.05 +0.04 +0.54 NIA +1.05 +0.47 

i_Web-middl<j_ 
5 

(Web- closer to 
-0.19 -0.11 -0.11 -0.24 -0.23 -0.22 -0.48 -0.97 -1.73 -1.82 -1.88 -2.53 

compression 
flange) 

6 
(Compression -0.20 -0.21 -0.23 -0.45 -0.41 -0.51 -0.78 -1.38 -3.33 NIA -3.84 -3.31 
flange-middle) 

7 
(Compression -- -- -- NIA -- -- -- NIA -- -- -- NIA 

flange-closer to 
hole) 
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Table 5. 7: Comparison of Experimentally Obtained Stiffness with Calculated Stiffness Based on Measured Values 

k
6 

=P I /),_ k8 =M l e k(k =M I Be 
(kN/mm) (kNm) (kNm) 

Beam Theory Test Test/Theory Theory Test Test/Theory Theory Test Test/Theory 
ID (Calculated) (Calculated) (Calculated) 
(!) (2) (3) _{4)_ (5) (6) J]) (8) (9) _{_10) 

Al00-1 17.10 16.29 0.95 22704 24824 1.09 9321 9113 0.98 
Al00-2 17.06 15.67 0.92 22704 25742 1.13 9335 9505 1.02 
Al00-3 17.09 16.38 0.96 22704 24150 1.06 9350 9185 0.98 
Al00-4 16.93 16.96 1.00 22589 24528 1.09 9325 9208 0.99 
A90-1 17.18 15.97 0.93 22819 25874 1.13 9383 8884 

--::;-
0.95 ' 

A85-l 17.04 15.16 0.89 22647 26800 1.18 9312 8840 0.95 221 
i 

A80-1 16.90 15.67 0.93 22417 25475 1.14 9206 9305 1.01 . i 

A75-1 16.81 16.05 0.95 22360 25426 1.14 9199 9020 0.98 I 

A75-2 17.04 16.79 0.99 22589 23400 1.04 9257 8840 0.95 i 
i 
' 

A75-3 17.00 16.29 0.96 22647 24332 1.07 9312 9877 1.06 I 
A70-1 17.24 15.30 0.89 22819 25097 1.10 9349 9822 1.05 
A70-2 17.04 15.16 0.89 22704 23838 1.05 9367 9404 1.00 
A70-3 17.10 15.67 0.92 22647 25176 1.11 9279 9877 1.06 
A60-1 17.18 15.45 0.90 22761 23449 1.03 9357 10161 1.09 
A60-2 16.88 16.05 0.95 22475 26012 1.16 9260 9354 1.01 
A60-3 17.03 15.67 0.92 22589 25797 1.14 9272 8884 0.96 
AS0-1 16.77 16.62 0.99 22245 24220 1.09 9137 9933 1.09 
A85-B-1 17.19 15.82 0.92 22876 23896 1.04 9401 9877 1.05 
A75-B-1 17.06 16.37 0.96 22704 26080 1.15 9335 9161 0.98 ' 

A70-B-1 17.06 15.52 0.91 22647 22999 1.02 9312 9020 0.97 
A60-B-1 17.43 15.09 0.87 23105 25600 1.11 9493 9305 0.98 
A85-F-1 16.97 15.67 0.92 22589 23740 1.07 9305 9404 1.01 
A75-F-1 16.79 17.23 1.03 22360 24091 1.04 9199 9822 1.07 
A70-F-1 17.18 15.45 0.90 22876 23284 1.02 9421 8840 0.94 
A60-F-1 17.00 16.45 0.97 22532 25800 1.15 9250 9208 1.00 
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Table 5.8: Comparison of Test Results Based on Strength 

% Reduction 

[ Afa ] [ ArJ•] M m Relative to M 
111 

Beam Afg A1gFy (Test) of 
ID (kNm) solid section 

(%) 
(I) (2) (3) (4) (5) 

Al00-1 100 1.30 215 
Al00-2 100 1.30 214 214 0.0 
Al00-3 100 1.30 214 (average) 

Al00-4 100 1.30 214 
A90-1 91 1.18 214 214 0.0 
A85-1 85 1.10 215 215 +0.5 
AS0-1 79 1.03 212 212 -0.9 
A75-1 74 0.96 210 

209 A75-2 74 0.96 206 -2.3 
A75-3 74 0.96 210 

(average) 

A70-1 71 0.92 204 
204 A70-2 71 0.92 205 -4.7 

A70-3 70 0.91 202 
(average) 

A60-1 62 0.81 197 
195 A60-2 62 0.81 194 -8.9 

A60-3 63 0.82 195 
(average) 

AS0-1 52 0.67 178 178 -16.8 
A85-B-1 86 1.17 210 210 -1.8 
A75-B-1 74 0.96 200 200 -6.5 
A70-B-1 70 0.91 197 197 -7.9 
A60-B-1 63 0.82 192 192 -10.3 
A85-F-1 85 1.10 212 212 -0.9 
A75-F-1 74 0.96 210 210 -1.9 
A70-F-1 70 0.91 207 207 -3.3 
A60-F-1 62 0.81 194 194 -9.3 

CHAPTER: 5 181 



Table 5.9: Experimentally Established Rotation Capacity 

Rotation Capacity 

% % 
Reduction Reduction 

[Al•] [ ArJ.] Relative Relative 

A Jg A1gFy 
to Ry toR

111 

Beam ID of Solid of Solid 
(%) RY Beam Rm Beam 

(1) (2) (3) (4) (5) (6) (7) 

Al00-1 100 1.30 NIA 12.2 
Al00-2 100 1.30 17.6 21.1 0.0 

12.8 12.3 0.0 
Al00-3 100 1.30 20.6 (average) 12.4 (average) 

Al00-4 100 1.30 21.6 11.8 

A90-1 91 1.18 20.8 20.8 -1.4 14.8 14.8 +20.3 
A85-l 85 1.10 20.4 20.4 -3 .3 13 .6 13.6 +10.6 
A80-1 79 1.03 18.8 18.8 -10.9 12.1 12.1 -1.6 
A75-1 74 0.96 16.1 

16.9 
12.4 

A75-2 74 0.96 18.0 -19.9 13.4 12.7 +3.2 
A75-3 74 0.96 16.5 

(average) 
12.2 

(average) 

A70-1 71 0.92 14.6 
14.6 

10.0 
A70-2 71 0.92 15.0 -30.8 13.4 11.2 -8.9 
A70-3 70 0.91 14.2 

(average) 
10.2 

(average) 

A60-1 62 0.81 9.2 
8.7 

9.2 
8.7 A60-2 62 0.81 8.8 -58.8 8.8 -29.3 

A60-3 63 0.82 8.2 
(average) 

8.2 
(average) 

AS0-1 52 0.67 4.8 4.8 -77.2 4.8 4.8 -61 .0 

A85-B-1 86 1.17 18.8 18.8 -10.9 12.6 12.6 +2.4 
A75-B-1 74 0.96 17.0 17.0 -19.4 9.8 9.8 -20.3 
A70-B-1 70 0.91 14.2 14.2 -32.7 9.0 9.0 -26.8 
A60-B-1 63 0.82 9.2 9.2 -56.4 9.2 9.2 -25 .2 

A85-F-1 85 1.10 19.8 19.8 -6.2 12.2 12.2 -0.8 
A 75-F-1 74 0.96 15.2 15.2 -28.0 11.8 11.8 -4.1 
A 70-F-1 70 0.91 14.4 14.4 -31.8 12.0 12.0 -2.4 
A60-F-1 62 0.81 8.4 8.4 -60.2 8.4 8.4 -31.7 
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Table 5.10: Comparison of Maximum Moment and Net-Section Fracture Moment [ M P =177 kNm] 

[ Afa l [ Afa F• l M "' 
Mfi, 

[ ~: ] [ M•] [ ~;] Observed 
(ZnFu) dominant 

A Jg A1gFy (Test) M fi, 
Beam ID (kNm) (Theory) failure mode 

(% ) (kNm) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 

A90-1 91 1.18 214 221 1.21 0.97 0.80 L.T.B+L.B 
A85-1 85 1.10 215 214 1.22 1.01 0.83 L.T.B+L.B 
A80-1 79 1.03 212 207 1.20 1.02 0.85 L.B 
A75-1 74 0.96 210 200 1.19 1.05 0.88 
A75-2 74 I 0.96 206 200 1.17 1.03 0.88 L.B+T.F 
A75-3 74 

I 

0.96 210 199 1.19 1.06 0.89 
A70-1 71 I 0.92 204 198 1.15 1.03 0.89 
A70-2 71 I 0.92 205 198 1.16 1.04 0.89 L.B+T.F 
A70-3 70 0.91 202 197 1.14 1.03 0.90 I 

A60-1 62 I 0.81 197 187 1.11 1.05 0.95 
A60-2 62 0.81 194 184 1.10 1.06 0.96 T.F 
A60-3 63 0.82 195 183 1.10 1.07 0.97 
AS0-1 52 0.67 178 163 1.01 1.09 1.08 T.F 
A85-B-1 86 1.17 210 204 1.19 1.03 0.87 L.T.B+L.B 
A75-B-1 74 0.96 200 180 1.13 1.11 0.98 L.B 
A70-B-1 70 0.91 197 173 1.11 1.14 1.02 T.F 
A60-B-1 63 0.82 192 161 1.09 1.19 1.10 T.F 
A85-F-1 85 1.10 212 214 1.20 0.99 0.83 L.T.B+L.B 
A75-F-1 74 0.96 210 198 1.1 9 1.06 0.89 L.B+T.F 
A70-F-1 70 0.91 207 197 1.17 1.05 0.90 T.F 
A60-F-1 62 0.81 194 184 1.10 1.06 0.96 T.F 
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Table 5.11 : Comparison of Code Based Design Moment with Maximum Measured Moment 

[Ar"] 
Design Moment (kNm) 

Beam [ ArJ. l ID A Jg Mm CSA AISC-LRFD AISC-LRFD BS5950 AS4100 
(%) A1gFy (kNm) (2003) (2005) (1999) (BSI 2001) (SA 1998) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

A90-1 91 1.18 214 169 (-21 %) 177 (-17%2 143{-33%2 169 (-21%) 171 {-20%) 
A85-1 85 1.10 215 164 (-24%) 177 (-18%) 133 (-38%) 164 (-24%) 167 (-22%) 
A80-1 79 1.03 212 159 (-25%) 177 (-17%) 124 (-42%) 159 (-25%) 163 (-23%) 
A75-1,2,3 74 0.96 209 154 (-26%) 154 (-26%) 117 (-44%) 154 (-26%) 160 (-23%) 
A70-1,2,3 71 0.92 204 152 (-25%) 151 (-26%) 113 (-45%) 152 (-25%) 158 (-23%) 
A60-1,2,3 62 0.81 195 141 (-28%) 141 (-28%) 102 (-48%) 141 (-28%) 152 (-22%) 
AS0-1 52 0.67 178 130 (-27%) 130 (-27%) 89 (-50%) 130 (-27%) 146 (-18%) 

A85-B-1 86 1.17 210 156 (-26%) 177 (-16%) 142 (-32%) 156 (-26%) 159 (-24%) 
A75-B-1 74 0.96 200 138 (-31 %) 155 (-23%) 125 (-38%) 138 (-31%) 144 (-28%) 
A70-B-1 70 0.91 197 132 (-33%) 147 (-25%) 119 (-40%) 132 (-33%) 138 (-30%) 
A60-B-1 63 0.82 192 122 (-36%) 132 (-31%) 110 (-43%) 122 (-36%) 129 (-33%) 

A85-F-1 85 1.10 212 177 (-17%) 177 (-17%) 147 (-31 %) 168 (-21%) 158 (-25%) 
A75-F-1 74 0.96 210 160 (-24%) 155 (-26%) 129 (-39%) 153 (-27%) 144 (-31%) 
A70-F-1 70 0.91 207 154 (-26%) 147 (-29%) 126 (-39%) 152 (-27%) 138 (-33%) 
A60-F-1 62 0.81 194 143 (-26%) 130 (-33%) 112 (-42%) 139 (-28%) 128 (-34%) 

The values within the brackets (--) indicate the percentage reduction in design moment 
relative to the measured maximum moment 
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Table 5.12: Comparison of Proposed Design Moment with Plastic Moment [MP =177 kNm] and Maximum Moment 

ProEosed Design Moment {kNm} 

[Al"] Mm M fn 
M fnm 

Beam [ A1J"] [:;] [ M"'] ID A Jg (Test) (Calculated) (=0.85 M 1n) M dp 

(%) A1gFy (kNm) (kNm) (kNm) (kNm) Mdp 
(I) (2) (3) (4) (5) (6) (7) (8) (9) 

A90-1 91 1.18 214 220 187>Mp Mdp=Mp=177 1.00 1.21 

A85-1 85 1.10 215 214 182>Mp I Mdp=MP =177 1.00 1.22 

A80-1 79 1.03 212 208 177=MP Mdp=Mp =177 1.00 1.20 

A75-1,2,3 74 0.96 209 200 l70<M P Mdp=Mfnm =170 1.04 1.23 

A70-1,2,3 71 0.92 204 196 l67<M P Mdp = M fnm =167 1.06 1.22 

A60-1,2,3 62 0.81 195 184 l56<M P Mdp = M fiim =156 1.13 1.25 

AS0-1 52 0.67 178 168 l43<M P Mdp =Mfnm =143 1.24 1.24 

A85-B-1 86 1.17 210 202 172<M P M dp = M fnm = 172 1.03 1.22 

A75-B-1 74 0.96 200 179 152<Mp Mdp = M fiim =152 1.16 1.32 

A70-B-1 70 0.91 197 171 l45<M P Mdp=M .fhm=145 1.22 1.36 

A60-B-1 63 0.82 192 158 134<M P M dp =M fnm =134 1.32 1.43 

A85-F-1 85 1.10 212 214 182>Mp M dp =Mp=177 1.00 1.20 

A75-F-1 74 0.96 210 200 l70<M p M dp=M fnm =170 1.04 1.24 

A70-F-1 70 0.91 207 195 l66<M P M dp =M fnm =166 1.07 1.25 

A60-F-1 62 0.81 194 184 l56<M P M dp = M fiun =156 1.13 1.24 
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Table 5 .13: Comparison of Proposed Design Moment with Code Based Design Moment 

% Reduction between Plastic Moment Capacity % Difference 

IMP =177 kNm) and Code Based Design between Plastic 

[Ai"] [ A1"F" l Moment 
Moment Capacity 

!Mp=177kNmJ Beam 
Afg A1gFy Mdp AISC- AISC- BS5950 AS4100 

Type of ID CSA LRFD LRFD (BSI (SA and Proposed 
Test (%) (kNm) (2003) (2005) (1999) 2001) 1998) Design Moment 
(I) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

A90-1 91 1.18 177 04 00 19 04 03 00 
A85-1 85 1.10 177 07 00 25 07 06 00 

Case-2 A80-1 79 1.03 177 10 00 30 10 08 - 00 
[Beam test with holes in A75-1,2,3 74 0.96 170 13 13 34 13 10 04 

tension flange only} A70-1,2,3 71 0.92 167 14 14 36 14 11 06 
A60-1,2,3 62 0.81 156 20 20 42 20 14 13 
AS0-1 52 0.67 143 26 26 50 26 17 24 

Case-3 A85-B-1 86 1.17 172 12 00 20 12 10 03 
[Beam test with holes in A75-B-1 74 0.96 152 22 12 29 22 19 16 

both tension and A70-B-1 70 0.91 145 25 17 33 25 22 22 
compression flanges} A60-B-1 63 0.82 134 31 25 38 31 27 32 

Case-4 A85-F-1 85 1.10 177 00 00 17 05 11 00 
[Beam test with fastener A 75-F-1 74 0.96 170 10 12 27 13 19 04 
holes in both tension and A70-F-1 70 0.91 166 13 17 29 14 22 07 

compression flanges} A60-F-1 62 0.81 156 19 26 37 21 28 13 
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Figure 5.31 : Comparison of Moment- Rotation 
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Type of 
Test 

Case-1 
{Solid beam 

test} 

Case-2 
[Beam test 

with holes in 
tension 

flange only] 

CHAPTER: 5 

Beam ID Picture at Failure and 

Al00-1 
Al00-2 
Al00-3 
Al00-4 

A90-1 

A85-1 

Remarks 
The failure pattern included a downward local flange buckle on one 

side and a permanent lateral deformation on the opposite side. 

The failure pattern included a 
downward local flange buckle on 
one side and a permanent lateral 

deformation on the opposite side. 
Holes elongated slightly in the 

longitudinal direction 

The failure pattern included a 
downward local flange buckle on 
one side and a permanent lateral 
deformation on the opposite side. 

Holes in the tension flanges 
elongated slightly in the 

longitudinal direction 

Cont .. . ...... . 
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AS0-1 

A75-1 
A75-2 
A75-3 

A70-1 
A70-2 
A70-3 

EAST END 

A/O 
EAST END 

The failure was primarily due to a 
downward local flange buckle on 
one side and upward buckle on 
the opposite side. Holes in the 

tension flanges elongated in the 
longitudinal direction and necking 

at the holes location was visible 

E HOLE BEAM 

The specimens failed 
eventually by net-section 
fracture preceded by local 
buckle of the compression 

flange 

FLANGEHC 

The specimens failed 
eventually by net-section 

fracture. Preceded by local 
buckling of the compression 

flange 

Cont .......... 
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Case-3 
[Beam test 

with holes in 

A60-1 
A60-2 
A60-3 

AS0-1 

A85-B-1 

both tension ____ _ 
and 

compression 
flanges} 

A75-B-1 

Cont ......... . 

CHAPTER: 5 

The specimens failed mainly 
as a result of net-section 

fracture. 

The specimen failed mainly as a 
result of net-section fracture. 

The failure pattern included a 
downward local flange buckle on 
one side and a permanent lateral 

deformation on the opposite side. 
Holes in the tension flange 

elongated slightly in the 
longitudinal direction. 

The failure of the specimen was 
primarily due to local flange 

buckling. Holes in the tension 
flange elongated in the 

longitudinal direction whereas, 
holes in the compression flange 

squeezed in the longitudinal 
direction. 

Cont. ........ . 

218 



Case-3 
[Beam test 

with holes in 
both tension 

and 
compression 

flanges} 

Case-4 
[Beam test 

with fastener 
holes in both 
tension and 
compression 

flanges} 

CHAPTER: 5 

A70-B-1 

A60-B-1 

A85-F-1 

A75-F-1 

A70-F-1 

The specimen failed eventually by 
necking followed by tension 

fracture. However, the tension 
fracture occurred after a 

noticeable downward local buckle 
in the compression flange in the 

mid-span region. 

The specimen failed primarily as a 
result of net-section fracture. 

The failure pattern included a 
downward local flange buckle on 
one side and a permanent lateral 
deformation on the opposite side 

The specimen fai led eventually by 
net-section fracture preceded by 
local buckle of the compression 

flange 

The specimen primarily failed by 
net-section fracture. 

Cont ......... . 

219 



A60-F-1 
The specimen primarily failed by 

net-section fracture. 

Figure 5.33: Photograph Images of the Beam Specimens in the Vicinity of Midspan 
Region at Failure 

I 

Holes in Tension flange 
(elliptical shape) 

Figure 5.34: Deformation of Flange Holes in Bending [A] Holes in Compression Flange 
and [B] Holes in Tension Flange 
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CHAPTER: 6 

EXPERIMENTAL AND NUMERICAL STUDY OF DIRECT 

TENSION MEMBERS 

6.1 Introduction 

The objective of this part of the study presented in this chapter was to develop a material 

model that can capture the behavior of structural steel until fracture . In order to achieve 

the objective, the experimental and numerical analyses of steel coupons under direct 

tension loading were performed. The tensile coupons were obtained from wide flange 

beam sections made of two different steel grades; ASTM A992 steel and 350W steel. The 

overall stress-strain relationships of these coupons were experimentally established. The 

tests were simulated with Finite Element (FE) analyses by incorporating a material 

constitutive relation, which is expected to capture the behavior of the coupon up to 

fracture. The material constitutive relation was also used to predict the load-deformation 

behavior of coupons with a hole in the middle region subjected to direct tension loading. 

The FE results of these coupons were compared with the experimental results of similar 

samples. In this study, the commercially available ADINA 8.4 Version FE program 

(ADINA R&D 2007) was used for the finite element analyses. 
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6.2 Experimental Program 

The tensile coupon experiments were performed on two different steel grades namely; 

ASTM A992 steel and the 350W steel. The ASTM A992 steel has been produced since 

1997 under the description of "Enhanced A572 Grade 50" (Bjorhovde et al. , 2001). More 

details pertaining to the material definition for the ASTM A992 steel can be found in 

Chapter 1. The 350W steel is the Canadian standard CSA G40.21 (CISC 2007) steel , 

which is equivalent to the older version of the ASTM A572 Grade 50 steel. The tensile 

coupons were cut along the rolling direction of the wide flange (WF) beam section 

W310X39 (W12X26). The dimensions of the tensile coupons were in accordance with 

ASTM A370-02 (ASTM 2002) specifications and recommendations. Figure 6.1 shows 

the dimensions of the tensile coupon used in this test program. The coupons contained a 

reduced width in order to ensure failure of the specimen within the reduced width. The 

expected failure was due to necking followed by fracture. Extensometers were attached 

within the reduced width. As shown in Figure 6.1 , the gauge length used to calculate the 

coupon strain was 200 mm and the nominal width of the reduced region was 40 mm. 

6.2.1 Test Matrix 

A test matrix consisting of twenty eight coupons is presented in Table 6.1. Eight flange 

coupons and six web coupons were obtained from both the A992 steel section and the 

350W steel section. In order to establish the mechanical characteristics of each steel 
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grade, six solid coupons with three from the flanges and three from the webs of each steel 

grade were tested. The reason for conducting three solid tests from the flanges and webs 

of each steel grade was to verify the reliability of the test results. 

The five coupons obtained from the section flanges of each steel grade were tested as 

perforated samples having different diameter holes in the middle region. These samples 

had the net area-to-gross area (An I Ag) ratio ranging from 0.9 to 0.5 in increments of 0.1. 

Three coupons obtained from the section webs of each steel grade were also tested with 

the An I Ag ratio varying from 0.9 to 0.5 in increments of 0.2. 

The average measured dimensions of each coupon tested are given in Table 6.1 . The 

average width ( w ) and the average thickness ( t) were established based on several 

measurements taken within the reduced cross-section. Such measurements were made 

using a micrometer having a resolution of 1/100 of a millimeter. The initial cross

sectional area was calculated based on these measured dimensions. Table 6.1 also 

summarizes the average hole diameters ( ¢) for the perforated samples. In Table 6.1, 

A992-Fl-1.0 and A992-Wl-1.0 denote the flange and web coupons taken from the A992 

steel section with the An I Ag ratio of 1.0, respectively. Using such a name designation 

system, the remaining coupons used in this study can be identified. 
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6.2.2 Test Procedure 

The tension coupon tests were performed using a Tinius Olsen machine with an axial 

load capacity set at 600 kN. The placement of a specimen in the testing machine is as 

shown in Figure 6.2. Prior to applying the load, the coupon specimen was aligned 

vertically and placed at the center position with respect to the grips of the machine's 

loading platforms. The coupon was gripped by applying a load well within the elastic 

limit. This was done to ensure that the coupon was correctly gripped. Next, the load was 

reduced to approximately 2 kN that may be required to grip the coupon steadily. At this 

stage, the coupon was considered ready for the tensile test. 

As shown in Figure 6.2, two extensometers having gauge lengths of 200 mm and 50 mm, 

respectively, were attached on either face of the test coupon. The larger extensometer was 

used to acquire data to establish the overall engineering stress-strain curve of the coupon. 

The smaller extensometer was attached to collect data primarily within the elastic range 

since it has greater sensitivity in detecting elongations. The increase in sensitivity 

allowed a more accurate establishment of the initial modulus ( E) and the proportional 

limit ( FP, ). The smaller extensometer was detached shortly after the coupon reached its 

yield strength. 

The coupons were tested at a loading rate of 0.5 mm/min in the elastic range. The loading 

rate was, however, increased to 2.5 mm/min in the strain-hardening range up to the 

CHAPTER: 6 228 



ultimate loads. Beyond the ultimate loads, the loading rate was reduced to 0.5 mm/min up 

to fracture (Jaquess and Frank, 1999). A lower loading rate was applied in the strain 

softening region in order to minimize the influence of strain rate on the fracture . Previous 

studies have shown that higher strain rates result in lower fracture strains (Liu 2005). 

Figure 6.3 [A] shows the solid samples and the associated failure pattern at fracture. 

During the tests on solid samples, it was observed that the ductile fracture initiated from 

the middle part of the necked area. A similar nature of ductile fracture was also observed 

by Cabezas and Celentano (2004). Figure 6.3[B] shows the perforated samples and the 

associated failure patterns. As expected, the perforated samples fractured across the hole 

region. 

6.2.3 Test Results - Solid Sample 

Figures 6.4[A] through 6.4[D] show the experimental stress-strain relationships of the 

tensile coupons obtained from the flanges and webs of the A992 steel section and the 

350W steel section. The engineering stress was established based on the applied load 

divided by the initial cross-sectional area. The engineering strain was calculated based on 

the elongation measured by an extensometer divided by the initial gauge length. As seen 

in Figures 6.4[A] and 6.4[C] , the flange coupons of both steel sections strain hardened 

immediately after yielding. The web coupons of both steel sections exhibited a distinct 

yield plateau before strain hardening (see Figures 6.3[B] and 6.3[D]). 
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Table 6.2 summarizes the test results. Here, the comparison and discussion of the test 

results were made based on the average values. The average yield strength (FY) and 

average ultimate strength ( F,, ) of the A992-flange coupons were calculated to be 445 

MPa and 577 MPa, respectively, resulting in the FY I Fu ratio value of 0.77. The strains 

corresponding to the ultimate strength ( &
11 

) and at fracture ( & 1 ) were measured to be 

13.8% and 21 %, respectively. Note that the strains were established over the gauge length 

of 200 mm. The 350W-flange coupons had the FY and F,, values of 428 MPa and 578 

MPa, respectively, resulting in the FY I F,, ratio of 0.74. The &11 and &I values associated 

with these coupons were 13.9% and 22%, respectively. The FY I F,, ratio value for the 

A992-flange coupon was 4% higher than that of the 350W-flange coupon. 

The FY and Fu values for the A992-web coupons were 409 MPa and 573 MPa, 

respectively, resulting in the FY I Fu ratio value of 0.71. These coupons reached the 

ultimate strength at the strain of 14.5% and fractured at the strain of 21 %. The 350W-web 

coupons had the FY and F,, values of 416 MPa and 582 MPa, respectively, resulting in 

the FY I F,, ratio value of 0.71. These coupons had &u and & I of 15.3% and 19.5%, 

respectively. 
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6.2.4 Test Results-Coupons With Middle Hole (Perforated Coupons) 

Tension members can be uniformly stressed or non-uniformly stressed. Long tension 

members of constant cross-sectional area are uniformly stressed at regions away from the 

boundaries. However, often the members subjected to tension may not be uniform in 

practical applications. The behavior of tension members with holes is considerably 

different when compared to the behavior of similar solid members having uniform cross

section. Tension members having holes are non-uniformly stressed due to the stress 

concentration effects in the vicinity of hole region. Often failure as a result of net-section 

fracture is an undesirable failure mode. The presence of small local holes in a tension 

member (such as small bolt holes used for the connection of the member) causes early 

yielding around the holes so that the load-deflection behavior becomes non-linear. When 

holes are small compared to the gross cross-section, the member may reach the gross

section yield load ( Ag FY). On the other hand, when holes are large, the member may fail 

prior to reaching the Ag FY due to fracture. Therefore, for yielding to occur in the gross 

area before fracturing through the net area, it is necessary that 

or 

(6.1) 

(6.2) 

where Y is the yield ratio (FY I Fu) . It can be seen from Equation 6.2 that for members of 

the same geometry with the same hole size, the yield ratio determines whether the gross 

area yields before fracture of the net area. 
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Table 6.3 summarizes the measured ultimate load ( P,, ), the Pu I PY ratio values, the 

ultimate stress across the net-section (Fun =Pu I An) and the strength ratios between the 

coupons having a middle hole and the solid samples (Fun I Fu). The gross section yield 

loads (PY) for the flange and web coupons were established based on the measured cross

section area multiplied by the average measured yield strengths of the flanges and webs, 

respectively. The coupons having the AnFu I AgFy 2:: 1.0 reached an ultimate load higher 

than Py(= AgFy). The coupons with the AnFu I AgFy < 1.0 fractured prior to reaching PY. 

Furthermore, as summarized in the ninth column of Table 6.3 , the ultimate strengths of 

perforated samples (Fun) were between 2%-8% higher than that of the solid samples 

( F,, ). A similar observation was made by Fisher (1965). He explained that when holes 

occur in an axial tension member a free lateral contraction accompanying an axial 

extension cannot develop. This may result in a slightly higher strength for perforated 

samples when compared to that of the solid samples (Fisher 1965). As presented in the 

ninth column of Table 6.3 , the strength ratios had no definite pattern (scatter). This may 

be due to various factors such as variations in material properties, geometric 

imperfections, hole making practices, etc. (Fisher 1965). 

Table 6.4 compares the perforated sample test results with the unfactored design load 

calculated as per the clause 13 .2 of the CSA (2003) standard. According to this clause, 

the unfactored tensile resistance developed by a direct member subjected to an axial 

tensile force shall be taken as the least of the gross-section yield load ( Ag FY) or the net 
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section fracture load (0.85 An Fu). As seen in the sixth column of Table 6.4, the ultimate 

test loads were 20%-28% higher than the code predicted values. This is due to the code 

allowance of 85% of the tensile strength ( F,, ). The following section provides the 

development of material model, which is expected to capture the behavior of the coupons 

up to fracture, based on the experimental-numerical simulations. 

6.3 Development of Material Model 

6.3.1 Introduction 

Figure 6.5 shows a typical engineering stress-strain relationship for a structural steel. In 

general, a standard uniaxial tensile test is considered to provide the basic tensile 

properties of a material in the range of small elastic-plastic deformations. The tensile test 

leads to the knowledge of the intrinsic stress-strain relation during its uniform loading 

history up to a certain point. In tensile testing, the uniform extension ceases when the 

load exceeds the maximum load, which is referred to as the ultimate load, Pu . At this 

stage, the specimen reaches its tensile strength (Fu) (see Figure 6.5). Beyond this limit, 

the material appears to strain soften due to necking of the sample. Once the specimen 

begins to ' neck', the distribution of stresses and strains become complex and the 

magnitude of such quantities become difficult to establish (Mackenzie et al. , 1977). 
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6.3.2 Description of Regions 

Figure 6.6 shows the stress versus strain relationship that is characteristic of many steels 

for structural applications. As seen in the figure, the stress-strain variation can be divided 

into five different regions as follows; 

• Region-I (elastic range): during the initial stages of loading, stress varies linearly 

proportional to strain (up to a proportional limit). The stress at the proportional limit 

is typically established using the 0.01 % strain offset method (Galambos 1998). 

Thus, the stress can be related to strain as 

(6.3) 

where ~ is the engineering stress, £ e is the engineering strain and E is the initial 

elastic modulus. 

• Region-II: represents a region from a proportional limit to the yield limit. In this 

region, the variation of stress-strain relationship can be idealized as 

(6.4) 

where FY is the yield strength established based on the 0.2% offset method,£ Y is 

the corresponding yield strain and E
1 

1s the tangent modulus 

[E1 =(FY -FP1 )1(£y -£P1)]. 

• Region-III: after the initiation of yielding, there may be a yield plateau. As the 

variation of stress is assumed to be constant along the yield plateau; 

(6.5) 
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where &,.1i is the strain at the onset of hardening. The ratio between £ ,.h and & Y is 

defined as, m = &sh I £ Y . 

• Region-IV: at the end of yield plateau, strain hardening begins, with a subsequent 

increase in strength; FY < Fe ~ Fu ; £ sh < £ ~ £ u ; (6.6) 

where Fu is the ultimate strength. 

The constitutive model requires the true stress-strain curve of the material in order to 

carry out the numerical analysis. The true stress versus the true strain relationship can be 

established directly from the engineering stress versus the engineering strain relationship 

as 

£ 1 = ln(l + &e) 

F, = F. (1 + &. ) 

(6.7) 

(6.8) 

Equations 6.7 and 6.8 are valid up to onset of necking (ultimate strength). Equations 6.7 

and 6.8 are derived based on two assumptions; (1) the stresses are uniform across the 

specimen and (2) material flows with negligible volume change. Since the stresses are no 

longer uniformly distributed over a gauge length beyond the onset of necking (i .e. , strain 

localization begins after the onset of necking), these equations become invalid in the post 

ultimate strength range. 

A power-law is often used to represent a flow curve relating true stress-strain relationship 

in the strain hardening region of a material (Holloman 1945 and Bruneau et al. , 1998). 

Thus, the true stress-strain relation established from the engineering stress-strain relation 
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(using Equations 6.7 and 6.8) was fitted with a power-law model by using a least square 

analysis. 

• Region-V: represents the post ultimate strength behavior of the material. As 

explained the stresses and strains become more complex after the formation of 

necking, true stress-strain relation in this region cannot be established from a 

standard tensile test. Therefore, an-experimental-numerical methodology is 

helpful to derive the material behavior beyond onset of necking. The following 

section describes the related studies dealing with the establishment of true stress

strain relation after onset of necking. 

6.4 Numerical Simulation of Tensile Test 

6.4.1 Introduction 

The accuracy and the validity of predicted global structural behavior and the associated 

failure mode depend on, in part, on the characterization of material behavior. The 

material behavior is generally established by means of uniaxial tensile testing. For ductile 

materials, however, specimen necking leads to the loss of homogeneous material 

response resulting from subsequent nonuniform deformation. This makes the local 

characterization difficult particularly for applications such as metal forming, analysis of 

bolted connections in a steel structure, analysis of corroded steel pipes, bulk forming 

operations (drawing, extrusion, and rolling) etc. In Finite Element (FE) modeling of such 
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applications, understanding of the material behavior beyond necking up to fracture is 

needed. Data collected from a standard tensile test, however, would provide sufficient 

information pertaining to the material behavior up to the initiation of necking (see 

previous section). During the post necking stage, the standard tensile test would provide 

only an average stress-strain relation, which can seriously limit the use of FE models for 

large strain applications (Ling 1996). Since this study focuses on the effects of flange 

holes on the flexural behavior of steel beams including fracture, a characterization of the 

post ultimate strength behavior is needed together with numerical analyses to capture the 

local behavior at the flange hole locations. 

6.4.2 A Literature Review - True Stress-Strain Relation in the Post Ultimate 

Strength Range (During Necking): Region-V 

The tensile test is an important standard engineering procedure useful for characterizing 

relevant elastic and plastic variables related to the mechanical behavior of materials. 

Owing to the non-uniform stress and strain distributions existing at the neck for high 

levels of axial deformation, it has long been recognized that significant changes in the 

geometric configurations of the specimen have to be considered to properly describe the 

material response during the whole deformation process up to the fracture stage (Cabezas 

et al, 2003). Numerous approaches have been applied in the past to establish the true 

stress-strain relationship during necking (or in the post ultimate strength range). Early 

work on the uniaxial tension test by Bridgman (1952) quantified the multi-axial stress 
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and strain distributions across the neck. The results suggested a uniform axial strain and a 

nonuniform axial stress across the specimen's neck. Bridgman' s (1952) analysis 

employed classical methods to relate the local stresses and strains at the neck to the 

global load or average stresses. Bridgman's (1952) method requires continuous 

measurements associated with the reduction of diameter, which can be used to establish 

the necking curvature during the test. Thus, this method needs an advanced testing 

technique. 

Zhang et al. (1994) proposed an alternative method to obtain the true stress-true strain 

relation in the post ultimate strength range (or during necking). In this method, the 

experimental tensile load-extension curve is considered as the target and the true stress

true strain relation is determined using an iterative method (trial and error). This iterative 

procedure is performed based on the FE analysis until the target is reached, within a 

tolerance. Although, this method was originally proposed for round samples, the concept 

of this method can also be applied to flat samples. The main advantage of this method is 

that the true stress-true strain data can be extracted from standard tensile test results 

without interrupting the test at different loads to establish profiles and dimensions at the 

neck. The main short coming of this method is that the entire stress-strain relation during 

necking is treated as unknown and iterations using a trial and error procedure are required 

for a series of strain intervals until good correlation with the post necking behavior of 

experimental results is attained. Thus, this method is computationally intensive and time-

consuming. 
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Ling (1996) proposed a method based on a weighted-average method for determining 

uniaxial true tensile stress versus strain relation during necking for flat samples. The 

method requires identification of a lower and an upper bound for the true stress-strain 

function during necking and expresses the true stress-strain relation as the weighted 

average of these two bounds. According to Ling's (1996) method, a power-low fit , which 

represents strain hardening region of the flow curve, can be used to extrapolate the true

stress strain relation in the post ultimate strength region (Region-V). However, various 

studies on the numerical simulation of tensile specimens made of different alloys have 

indicated that the extrapolation of true stress-strain relation based on the power-law fit 

seems to underestimate the experimental stress-strain curve during necking (Ling 1996). 

On the other hand, for the same alloys, the true stress-strain relation established based on 

a linear hardening model has been found to overestimate the experimental curves during 

necking (Ling 1996). This observation was also supported by other researchers (by 

comparing the experimental and numerically obtained stress-strain curves) who have 

concluded that the strain hardening rate generally decreases with increasing true strain 

(Matic et al, 1988, Tvergaard 1993, Fukazawa and Butler, 1996, and Cabezas et al , 

2004). 

A linear hardening model, representing the variation of true stress ( F; )-true strain ( & 1 ) 

relation beyond the onset of necking can be given as 

(6.9) 
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where a0 and a 1 are constants to be determined. These constants are determined using 

Considere Criterion (1885). That is, at onset of necking the following two relationships 

can be used; 

dF, 
d& 

I &=t:u .1 

(6.10) 

where F,,,, and &u,i are true stress value and true strain value corresponding to the onset 

of necking, respectively. Considering Equations 6.9 and 6.10, a0 = F,,/l-&u) 

anda1 = Fu,i. Hence, Equation 6.9 can be modified as;F, = Fu ,1 (1+&1 -&u ,1 ). The F,, ,1 and 

£ 11 ,1 are directly obtained from the tensile coupon test. 

Since the lower and upper bounds for true stresses in the post ultimate strength region 

(Region-V) have been identified, Ling (1996) has proposed a better approximation on the 

true stress (in Region-V) by employing a weighted average of the power-law hardening 

(lower bound) and the linear hardening models (upper bound). Based on the weighted 

average method, the true stress-strain relation in the post ultimate strength region, 

Region-V) is related as 

W (~J +(1-w)(l+&, -£u 1 ) 
nn ~ 
~ Linear- assumption 

(6.11) 

Power-Law 

where w is the unknown weight constant and ranges between 0 ~ w ~ 1 . 
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A suitable weight constant is established iteratively by numerical simulation of tensile 

test until a good correlation between the calculated and the experimental load extension 

curve is achieved. In other words, the experimental curve is considered to be a target 

curve and the numerical simulation of the sample coupon (using FE method) is 

performed using different w until a good agreement is attained. It has been found 

experimentally that the largest error occurs immediately before fracture (Ling 1996). By 

comparing the experimental (stress and strain) values with those values obtained by FE 

simulation (calculated values) at fracture, a suitable weight constant will be established. 

The following section presents with regards to the FE modeling procedure employed in 

this research program. 

6.4.3 Finite Element Modeling Procedure 

The FE program ADINA 8.4 version (ADINA R&D 2007) was utilized to simulate the 

tensile test results. The test coupon was modeled using 4-node shell element with six 

degree of freedom per node (three translations and three rotations) . The shell element can 

be employed to model thick and thin general shell structures and it accounts for finite 

strains by allowing changes in the element thickness (Bathe 1996). Therefore, they are 

suitable for large strain analyses involving inelastic deformation of material with nonzero 

effective Poisson's ratio (Bathe 1996). Also, this shell element can be efficiently used 

with plastic multi-linear material models for large-displacement/large-strain analyses 

(Cabezas et al., 2004). The shell element has 2x2 integration points in the mid surface (in 

CHAPTER: 6 241 



r-s plane). Through the thickness of shell elements, 3 Gauss numerical integration points 

were employed (in t-direction). 

The FE analysis incorporated both geometric and material non-linearities. The material 

properties used were a true stress and strain relationship derived from the engineering 

stress versus strain curve obtained from tension coupon tests up to the ultimate strength 

as shown in Figure 6.6. The von Mises yield criterion was used. The von Mises yield 

criterion can be interpreted physically as implying that plastic flow occurs when shear 

strain energy exceeds a critical value. This (von Mises) yield criterion is often used to 

estimate the yielding of ductile materials such as steels. A flow rule relates the plastic 

strain rates to the current stresses and the stress increments subsequent to yielding and a 

hardening rule specifies how yield condition is modified during the plastic flow. Since it 

is observed experimentally that metals such as steel obey the associated flow rule, 

ADINA metal plasticity model which is characterized as an associated flow plasticity 

model with isotropic hardening rule was employed in this study. 

To capture highly localized strains and stresses that develop during necking, an additional 

point (point E 1 in Figure 6.6) was needed on the true stress versus strain curve beyond the 

ultimate stress (point D1 in Figure 6.6). As discussed, the true stress-strain relation 

between point D1 and E1 as shown in Figure 6.6 was established using the weighted 

average method. An investigation on ductile fracture by Khoo (2000) indicated that the 

localized fracture strains for structural steel grade under uniaxial tensile load vary 
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between 80% and 120%. Therefore, an equivalent fracture strain ( £ J.t ) of 100% was used 

in this study (i.e ., true strain at point E 1 in Figure 6.6). Moreover, the use of maximum 

fracture strain of 100% can be thought of as an average value. It should be pointed out 

that it is unlikely that one can accurately determine the fracture strain through calculation 

or even through any conventional or standardize measurement techniques (Tseng 1990). 

At best the strain at fracture can be established by measuring the cross sectional area at 

fracture ( A 1 ) as 

(6.12) 

Based on Equation 6.12, true strain at fracture was estimated for the solid samples tested 

in this program. The calculated values ( £ 1,, ) ranged between 65% and 75%. However, it 

was believed that the calculated values may be lower than the actual £ f ,1 since the cross

section at the fracture location was established after the test, by measuring the reduced 

width and the reduced thickness using a micrometer, which gives approximate A 1 . To 

establish the final area accurately, however, a more advanced technique must be 

employed to establish the final profile of the sample at the fractured location. 

For a flat specimens, such as used in this study, subjected to an axial load, P , necking 

occurs when P reaches a maximum. Subsequently, the necking is spread over a length of 

the order of the width b while the rest of the specimen remains prismatic as shown in 

Figure 6.7 (Bao 2004). This type of necking, which usually occurs in flat specimens, is 
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known as diffuse necking. If diffuse necking continues, localized necking, which is also 

shown in Figure 6. 7, may occur over a length of the order of the sheet thickness. 

Figure 6.8 shows the FE model for a solid coupon sample. The model incorporated a 

geometric imperfection of a half sine wave along the gauge length (200 mm). The reason 

for selecting this type of imperfection was to simulate the variation of diffuse necking 

that may occur in the test sample. Maximum amplitude of 0.1 % of the nominal width ( 40 

mm) was used ( 00 = 0.04 mm). This value was chosen based on the geometric 

measurements made on the test specimens. It was noted that the all flange coupons had a 

maximum variation in the nominal width ( 40 mm) of less than 0.1 %. Similarly, all web 

coupons (except 350W-W2-1.0 which had a slightly higher variation of 0.13%), were 

found to have a maximum imperfection of less than 0.1 % of the nominal width ( 40 mm). 

A fine mesh was introduced at the center of the sample for a length of 50 mm where the 

strain gradient is expected to be large. This length was selected since the diffuse necking 

spread over a length of the order of the width b (= 40 mm). Models having meshes of 1 

mm x 1 mm and 2 mm x 2 mm within the gauge length were analyzed to check the 

numerical convergence. The load-extension curves obtained for these two different 

meshes were found to be almost identical. Therefore, the mesh of 2 mm x 2 mm was 

considered to be adequate. Away from the center region (necking region), a coarse mesh 

was employed since the strain demand in such locations is considerably smaller than the 

regions where necking initiates. Here, a full model of the test sample was considered to 
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compare the local and global behavior of the FE model with the test samples. In the FE 

model, one of the edges was fully restrained to simulate a rigid clamping action existing 

in the experiment. The loading edge was permitted to translate in the loading direction 

while restraining the remaining translations and rotations (see Figure 6.8). 

A uniform displacement was applied in small incremental step. Initially, a prescribed 

increment of 0.15 mm was used. However, beyond the ultimate load, the ADINA FE 

program self-adjusted to find a suitable size of displacement to continue the loading until 

fracture due to a severe non-uniform distribution of stresses and strains during necking. 

The displacements at nodes, located 200 mm apart within the reduced width, were 

monitored at each load steps to evaluate the variation of the average engineering strain. 

The corresponding tensile load was established by summing the reactions at the loaded 

nodes. The resultant load was then, divided by the initial cross-sectional area to obtain the 

average engineering stress at each load step. This procedure was followed to simulate the 

experimental testing method used in this study, where a 200 mm gauge length 

extensometer was used to establish the overall variation of the average engineering strain. 
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6.5 FE Results 

6.5.1 Solid Coupons 

This section presents the numerical study of the mechanical behavior of the tension 

coupons obtained from the flanges and the webs of the A992 steel and the 350W steel. 

Owing to complex stress state that develops at the neck for high levels of axial 

deformation, an experimental-numerical methodology was followed to derive appropriate 

constitutive relations which characterize the material response. This section presents a 

detailed comparison between the experimental and numerical stress-strain curves for the 

standard tensile coupons. The analysis of necking phenomenon and the mechanism of 

ductile fracture at different loading stages is also discussed in this section. The material 

constitutive relations developed based on the experimental-numerical analysis of the 

standard coupons were used to establish the load-deformation behavior of perforated 

samples. A comparison between the test results and the FE results is made. 

A992-jlange coupon: Figure 6.9[A] shows the true stress-strain relation for the A992 

flange coupon. This figure shows material constitutive relation derived using power law 

extrapolation, linear extrapolation and weighted average method with w =0.6. From this 

figure , one observes that there are two regions: [1] prior to onset of necking; and [2] 

during necking. The true stress-strain relation up to the onset of necking was directly 

obtained from the tensile test on flat coupons. The true stress-strain relation beyond onset 
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of necking and up to fracture (Region-V) was established based on the weighted average 

method procedure (Ling 1996). Figure 6.9[B] shows a comparison between the 

experimental stress-strain curve and the numerically reproduced curve. In order to 

illustrate how a suitable weighting constant, w, can be chosen, three different values; 

w = l.O, w =0.6 and w =0.4 were considered in the numerical simulation. For w=l.O, 

representing the extrapolation of true stress-strain relation in Region-V solely by a 

power-law hardening model, the numerically reproduced curve was found to fall well 

below the experimental curve in the post ultimate strength region (see Figure 6.9[B]). 

However, for w =0.4, the numerically established curve was slightly above the 

experimental curve. Finally, a slightly larger value w =0.6 was used, which resulted in 

the calculated and the experimental stress-strain curves agreeing well. 

In summary, when true stresses are underestimated, a material possesses less strain 

hardening than it should have. This insufficient strain hardening is directly reflected in 

the calculated load-extension curve, which falls below the test curve (target curve). On 

the other hand, if true stresses are overestimated, the material will have excessive strain 

hardening and the calculated curve falls above the test curve (target curve). Although a 

suitable weight constant ( w) that can reproduce the experimental stress-strain curve close 

enough needs to be established by trial and error approach, only a few trials were 

required to obtain a reasonable weighting constant. 
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A992-web coupon: Figure 6.lO[A] shows the true stress-strain relation derived using 

w =0.5 (in Region-V). Figure 6.1 O[B] compares the test curves with the calculated curve. 

For w =0.5, the calculated curve had a good correlation with the target curve 

(experimental curve). 

350W-flange coupon: Figure 6.11 [A] shows the true stress-strain relation obtained using 

w =0.6 in the post ultimate strength region (Region-V). As discussed, the true stress

strain relation up to the onset of necking was directly obtained from the tensile test on flat 

flange coupons of 350W steel. As seen in Figure 6.11 [B], the calculated (by numerical 

simulation) stress-strain curve reasonably agreed with the test curve (target curve) for 

w =0.6. 

350W-web coupon: Figure 6.12[A] shows the material constitutive relation established 

based on the experimental-numerical simulation. As seen in Figure 6.13[B] , the 

calculated curve had reasonably good correlation with the experimental curve for w =0.5. 

In summary, the shape of the stress-strain curve after onset of necking (in the post 

ultimate strength range: Region-V) was determined by a trial-and-error method until the 

numerical calculation of the load and necking deformation corresponded well with the 

test data. The procedure associated with the development of material model is as follows; 

Step 1: establish the pre-necking true stress-strain curve directly from the experimentally 

obtained engineering stress-strain curve using Equations 6. 7 and 6.8. 
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Step 2: use a power-law model fit to the true stress-strain curve in the strain hardening 

range (Region-IV), which is known as flow curve. 

Step 3: establish the true stress-strain relation by ass1gnmg a weighting constant to 

interpolate the true stress-strain relation between the power-law extrapolation and the 

liner extrapolation of the true stress-strain relation in Region-V [Equation 6 .11]. 

Step 4 : perform numerical simulation with the true stress-strain curve obtained in Step 1 

and in Step 3. 

Step 5: compare the calculated load-displacement response (or stress-strain response) 

with the experiments and calculate the relative error at fracture point. 

Step 6: adjust the true stress-strain curve in Region-V by using different weighting 

constant. ' 

Step 7: repeat Step 4 and Step 6 until the relative error becomes satisfactory. The relative 

error can be estimated by comparing the experimentally obtained stresses and strains at 

fracture with the corresponding values established numerically (see Table 6.5). 

Based on the FE simulation of tensile tests in this study, the weighting constant w =0.6 

and w =0.5 were close enough to reproduce the stress-strain curve established from the 

flanges and webs of both ASTM A992 steel and 350W steel, respectively. Table 6.5 

summarizes the experimental as well as the calculated (using FE analysis) stresses and 

strains at fracture. The calculated stresses and strains were compared with the average 

experimental values of three samples at fracture . In FE models, a sudden drop in load 

occurred as a result of fracture as seen in the Figures 6.9[B] through 6.12[B]. This point 
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was considered as a 'fracture point' and the corresponding stresses and strains were 

established. As presented in Table 6.5, the fracture stresses obtained by the FE method 

varied by a maximum 3% when compared to the corresponding experimental values. The 

fracture strain obtained by the FE method differed by a maximum 5% when compared to 

the corresponding experimental values. Since the calculated stresses and strains at 

fracture varied within 5% of the corresponding experimental values as well as the overall 

shape of the numerically reproduced stress-strain curve had a close agreement with that 

of experimentally obtained variation (see Figures 6.9[B] through 6.12(B]), the selected 

weighting constants, w =0.6 for flanges and w =0.5 for web coupons were reasonably 

close enough to reproduce the test curve (target curve). 

6.5.2 Perforated Coupons 

The FE analysis of the load-extension responses of perforated samples was carried out 

using the material constitutive relations developed based on the experimental-numerical 

simulation of standard coupons. Figure 6.13 compares the FE results with the test results 

for the perforated samples obtained from the flanges and webs of the A992 steel section. 

As seen in Figure 6.13, the calculated (using FE models) average stress-strain responses 

showed a reasonably good agreement with the test responses. Figure 6.14 compares the 

experimental results with the FE results for the perorated samples obtained from the 

flanges and webs of the 350W steel section. From this figure, one observes that the 
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numerical simulation agreed well with the experimental results. As seen in the figure, the 

FE results had a reasonably good correlation with the experimental results. 

Table 6.6 presents the experimentally and numerically obtained ultimate strength values 

for the perforated coupons. As indicated in the fifth column of Table 6.6, the FE results 

varied by less than 5% when compared to the experimental results. 

6.6 Summary of FE Based Simulation Results 

Figure 6.15 shows a representative FE model used to simulate the standard coupon test. 

This figure also illustrates the associated failure of the model due to necking followed by 

fracture. Figure 6.16 illustrates how the stresses and strains in a tensile sample varied 

from uniform stages to nonuniform stages beyond the onset of necking. As seen in this 

figure, the inward transverse displacement increased uniformly throughout the length 

during the earlier stages of deformation; up to the onset of necking. Beyond this point, 

the inward transverse displacement seemed to increase only locally at the necked cross

section. This phenomenon reveals that a highly localized deformation takes place beyond 

the onset of necking and thus, the stresses and strains present in the tensile samples are no 

longer uniform. 

Figure 6.17 illustrates the evolution of plastic zones during the large deformation of the 

flange coupon of the A992 steel. As seen in this figure, the simulation indicated that at 
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the final strain of approximately 100%, the necked region was largely strained whereas, 

farthest from the necked region, the specimen had only a very small strain of 

approximately 0.25%. One also observes from Figure 6.17 that at a strain of 

approximately 9%, the entire reduced region was strained plastically, whereas the wider 

ends remained elastic during the complete deformation history. When elongation 

increases further, a remarkable decrease of plastic zone is observed implying a sharp 

decrease in the load carrying capacity. However, at the final strain of approximately 

100%, only the necked region of the tensile specimen remains plastic and all other parts 

have been unloaded elastically. A similar observation was made on the simulation of 

remaining coupons in this study. Moreover, it can be observed from Figure 6.17[C] that 

fracture in the FE model of the solid tensile sample occurred at the center of the sample 

where the maximum strain occurs. 

Figure 6.18 shows the distribution of effective plastic strain at fracture for a tensile 

specimen with a hole in the middle. As seen in this figure, a maximum of approximately 

100% strain occurred at the hole edge, which is perpendicular to the loading direction. 

Farthest from the hole region, the specimen unloaded elastically corresponding to an 

effective strain distribution of 0.04%. Moreover, the critical effective plastic strain of 

100% occurred earlier in the perforated specimen than in the solid specimen due to the 

effects of stress concentration. Figure 6.19 compares the propagation of fracture observed 

in the experiment and in the FE simulation. As seen in Figure 6.19, the fracture 

propagated through the edges of hole perpendicular to the loading direction where a 
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highly localized stress concentration occurs. A comparable failure pattern can be seen in 

the figure between the test sample and the numerically simulated sample. 

Overall, a good correlation existed between the test samples and the FE models of the 

similar samples in terms of the load-elongation (or average stress-strain relation) 

behavior. The slight discrepancies between the test results and the FE results may be 

attributed to the following factors ; 

• The variations in the actual geometric imperfections present in the test sample and 

the assumed idealized geometric imperfections used in the FE model. 

• The method of hole making practice may influence the material property adjacent to 

hole region, which was not taken into account in the FE simulation, i.e., the FE 

simulation assumed that the material was homogenous throughout a sample. 

• Necking and its evolution are mainly governed by strain hardening. Accurately 

describing strain hardening was often critical in a numerical simulation 

• The final elongation of the specimen may depend on other effects such as the 

applied strain rate and temperature. In the FE simulation, such factors were not 

taken into account. 

• The variations in the effective critical plastic strain. Throughout the FE simulation, 

the effective critical plastic strain of 100% was assumed in this study. 

• The use of constant Poison's ratio (v) of 0.3 in the FE model, however, Poison's 

ratio (v) of the test sample during deformation changes continuously (Liu 2005). 
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6. 7 Conclusions 

• The average yield strength of the flange coupons of the A992 steel was 4% higher 

than that of the 350W steel. The average ultimate strength of the flange coupons 

obtained from both steel grades was closer to each other. The A992 flange coupons 

had the average yield ratio 4% higher than the 350W steel. The average ductility 

ratio of the A992 flange coupons was approximately 9% lower than that of 350W 

steel. 

• The ductility of axial tension members was greatly reduced when the net section 

fracture strength ( AnF,, ) was lower than the gross section yield strength ( AgFy ). 

• A suitable weighting constant ( w) that can closely reproduce the experimental 

stress-strain relationship of standard coupons, can be obtained in a few trials. 

• The power-law relations established in the strain hardening region of the flanges of 

A992 and 350W steel sections exhibited a close agreement to each other, although 

slight variations did occur. A weighting constant, w = 0.6 , was established to 

predict the post necking behavior of the flanges of these steels (see Figures 6.9 and 

6.11 ). 

• The webs of these steel sections exhibited a similar power law relationship in the 

strain hardening region. However, a weighting constant, w = 0.5 , was used to 

establish the post necking behavior of the web of the A992 and 3 SOW steel sections 

(see Figures 6.10 and 6.12) 
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• By employing proper FE modeling of a standard tensile coupon, the load-elongation 

behavior up to fracture can be numerically reproduced. 

• The developed material constitutive relation based on the experimental-numerical 

simulation provided a good load-deformation behavior of perforated samples. 

• In all calculated stress-strain curves for the standard coupons, the stresses and 

strains at fracture differed by less than 5% when compared to the corresponding 

results from the experiment. 

• The material models developed from the numerical simulation of the standard 

coupons was able to predict the load deformation behavior of perforated coupons in 

reasonably well, although slight variations did occur at the final elongations. 
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Table 6.1 : Measured Dimensions of Tensile Coupons 

Hole Diameter 
Specimen t w cp 

ID (mm) (mm) (mm) 
(!) (2) (3) (4) 

Flange-A992 
A992-Fl-1.0 9.847 40.035 0.00 
A992-F2-1.0 9.864 40.060 0.00 
A992-F3-1.0 8.539 40.098 0.00 
A992-F-0.9 9.771 40.039 4.06 
A992-F-0.8 8.738 40.030 8.03 
A992-F-0.7 8.585 40.064 12.07 
A992-F-0.6 9.762 40.060 16.33 
A992-F-0.5 8.606 40.149 19.94 

Web-A992 
A992-Wl-1.0 5.745 39.988 0.00 
A992-W2-1.0 5.757 40.013 0.00 
A992-W3-1.0 5.842 40.016 0.00 
A992-W-0.9 5.740 40.060 4.06 
A992-W-0.7 5.770 40.047 12.07 
A992-W-0.5 5.800 40.060 19.99 

Flange-350W 
350W-Fl-1.0 8.721 40.081 0.00 
350W-F2-1.0 9.868 40.157 0.00 
350W-F3-1.0 8.729 39.992 0.00 
350W-F-0.9 8.602 40.039 4.09 
350W-F-0.8 9.940 40.162 8.03 
350W-F-0.7 9.948 40.170 12.07 
350W-F-0.6 8.653 39.984 16.33 
350W-F-0.5 9.872 40.081 19.97 

Web-350W 
350W-Wl-1.0 5.791 40.064 0.00 
350W-W2-1.0 5.732 40.030 0.00 
350W-W3-1.0 5.711 40.026 0.00 
350W-W-0.9 5.711 40.043 4.09 
350W-W-0.7 5.740 40.009 12.07 
350W-W-0.5 5.787 40.047 19.89 
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Table 6.2: Summary of Mechanical Characteristics of Tension Coupons 

Mechanical Properties 

Steel Specimen FY 
£/ 

Grade ID FY Fu Fp, cu E (over 
(MPa) (MP a) Fu (MPa) £ y cu £ y £sh (GPa) 200 mm) 

(I ) (2) (3) (4) (5) (6) (7) (8) (9) (I 0) ( 11) (12) 

A992-Fl-1.0 448 579 0.77 408 0.0022 0.1348 61 NIA 204 0.2041 
A992-F2-1.0 446 585 0.76 404 0.0022 0.1353 62 NIA 203 0.2106 
A992-F3-1.0 441 568 0.78 406 0.0022 0.1441 66 NIA 201 0.2100 

A992 (Flange}ave 445 577 0.77 406 0.0022 0.1381 63 NIA 203 0.2082 
A992-Wl-1.0 405 568 0.71 405 0.0020 0.1484 74 0.0156 202 0.2083 
A992-W2-1.0 417 591 0.71 417 0.0021 0.1456 73 0.0132 201 0.2023 
A992-W3-1.0 405 561 0.72 405 0.0020 0.1401 70 0.0154 202 0.2308 

(Web~ave 409 573 0.71 409 0.0020 0.1447 72 0.0148 202 0.2138 
350W-Fl-1.0 426 581 0.73 398 0.0020 0.1412 71 NIA 208 0.2282 
350W-F2-1.0 425 575 0.74 400 0.0020 0.1443 72 NIA 215 0.2083 
350W-F3-1.0 434 578 0.75 396 0.0020 0.1307 65 NIA 216 0.2240 

350W (Flange)ave 428 578 0.74 398 0.0020 0.1387 69 NIA 213 0.2202 
350W-Wl-1.0 414 571 0.73 414 0.0021 0.1595 76 0.0160 198 0.2054 
350W-W2-1.0 41 2 593 0.69 412 0.0021 0.1392 66 0.0140 198 0.1771 
350W-W3-1.0 422 581 0.73 422 0.0020 0.1602 80 0.0158 207 0.2025 
(Web)ave 416 582 0.71 416 0.0021 0.1530 74 0.0153 201 0.1950 
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Table 6.3: Tensile Strength of Perforated Tensile Specimens 

Experimental 

[;,] Ultimate 
Hole Ultimate 

Stress- Fun Strength Ratio 

Steel Specimen Diameter-
lAn I Ag j lAnFu I AgFy J 

Load 

[;:] Grade ID cp Pu (=P,,!An) 
(mm) (%) (kN) (Py = AgFy) (MP a) 

(I) (2) (3) (4) (5) (6) (7) (8) (9) 

A992 A992-F-0.9 4.06 90 1.17> 1.0 215.5 1.24 613 1.06 

(Flange) A992-F-0.8 8.03 80 1.04>1.0 170.0 1.09 608 1.05 

[FY = 445MPa A992-F-0.7 12.07 70 0.91 <1.0 147.8 0.97 615 1.06 
A992-F-0.6 16.05 60 0.78<1.0 145 .0 0.83 619 1.07 

F,, = 577 MP a] 
A992-F-O.S 19.94 50 0.65<1.0 106.5 0.69 612 1.06 

A992 (Web) A992-W-0.9 4.04 90 1.26>1.0 121.2 1.29 587 1.02 
[FY =409MPa A992-W-0.7 12.07 70 0.98~1.0 97.5 1.03 604 1.05 
Fu= 573MPa] A992-W-O.S 20.02 50 0.70<1.0 70.0 0.74 602 1.05 

3SOW 3SOW-F-0.9 4.09 90 1.22>1.0 190.0 1.29 614 1.06 

(Flange) 3SOW-F-0.8 8.03 80 1.08>1.0 195.5 1.14 612 1.06 

[FY =428MPa 3SOW-F-0.7 12.07 70 0.94<1.0 170.2 0.99 608 1.05 
3SOW-F-0.6 16.33 59 0.80<1.0 127.0 0.86 621 1.08 

Fu= 578MPa] 
3SOW-F-O.S 19.99 50 0.68<1.0 122.0 0.72 615 1.07 

3SOW(Web) 3SOW-W-0.9 4.09 90 1.26>1.0 122.3 1.29 595 1.02 
[FY = 4l6MPa 3SOW-W-0.7 12.07 70 0 . 98~ 1.0 96.5 1.01 602 1.03 

Fu= 582MPa] 3SOW-W-O.S 19.89 50 0.70<1.0 69.0 0.72 591 1.02 
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Table 6.4: Comparison of Test Results with Code Prediction [CAN/CSA-S16.01 (CSA 2003)] 

Steel lAnFu I AgFy J {A~~, L. { 0.85AJ"} {o.s:~JJ_~ Grade Specimen ID 
AgFy CSA(2003) CSA(2003) 

(1) (2) (3) (4) (5) (6) 

A992-F-0.9 1.17>1.0 1.24 0.99 1.25 

A992 
A992-F-0.8 1.04>1.0 1.09 0.88 1.24 
A992-F-0.7 0.91 <1.0 0.97 0.77 1.26 (Flange) 
A992-F-0.6 0.78<1.0 0.83 0.65 1.28 
A992-F-0.5 0.65<1.0 0.69 0.55 1.25 

A992 
A992-W-0.9 1.26>1.0 1.29 1.07 1.21 

(Web) A992-W-0.7 0.98~ 1 .0 1.03 0.83 1.24 
A992-W-0.5 0.70<1.0 0.74 0.60 1.23 
350W-F-0.9 1.22>1.0 1.29 1.03 1.25 

350W 
350W-F-0.8 1.08>1.0 1.14 0.92 1.24 

(Flange) 350W-F-0.7 0.94<1.0 0.99 0.80 1.24 
350W-F-0.6 0.80<1.0 0.86 0.68 1.26 
350W-F-0.5 0.68<1.0 0.72 0.58 1.24 

350W 
350W-W-0.9 1.26>1.0 1.29 1.07 1.21 

(Web) 350W-W-0.7 0.98~ 1 .0 1.01 0.83 1.22 
350W-W-0.5 0.70<1.0 0.72 0.60 1.20 
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Table 6.5: Comparison of Stresses and Strains at Fracture 

Experiment FEM 

Steel Specimen Stress@ Strain@ (Exp/FEM)stress@ (ExpfFEM)strain @ 
Grade ID Stress @ fracture Strain @ fracture fracture fracture fracture fracture 

(MPa) (mm/mm) (MPa) (mm/mm) 
(1) (2) (3) (4) (5) (6) (7) (8) 

A992-Fl-1.0 480 
477 

0.2162 
0.2117 

A992-F2-1.0 477 0.2090 486 0.2098 0.98 1.00 
A992 A992-F3-1.0 474 

(average) 
0.2100 

(average) 

A992-Wl-1.0 479 0.2083 
A992-W2-1.0 526 496 0.2023 0.2130 497 0.2168 1.00 0.98 
A992-W3-1.0 483 

(average) 
0.2285 

(average) 

350W-Fl-1.0 487 
488 

0.2195 
0.2169 

350W-F2-1.0 487 0.2072 489 0.2169 1.00 1.00 
350W 350W-F3-1.0 490 

(average) 
0.2240 

(average) 

350W-Wl-1.0 499 0.2054 
350W-W2-1.0 550 527 0.1771 0.1955 511 0.2064 1.03 0.95 

350W-W3-1.0 531 
(average) 

0.2041 
(average) 
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Table 6.6: Comparison of Experimental Test Results with FEM Prediction for 
Perforated Samples 

Experimental FEM 
Ultimate-stress Ultimate-stress 

Steel Specimen F UExp = (X) F UFEM =(X) (F,/"% ) F FI:."'M 
Grade ID g Exp g FEM u 

(MP a) (MPa) 
(1) (2) (3 ) (4) (5) 

A992-F-0.9 547 542 1.01 
A992-F-0.8 482 480 1.00 
A992-F-0.7 429 423 1.01 

A992 
A992-F-0.6 369 362 1.02 
A992-F-0.5 308 298 1.03 
A992-W-0.9 528 523 1.01 
A992-W-0.7 422 418 1.01 
A992-W-0.5 297 299 0.99 
350W-F-0.9 548 547 1.00 
350W-F-0.8 489 488 1.00 
350W-F-0.7 427 427 1.00 

350W 350W-F-0.6 366 366 1.00 
350W-F-0.5 311 312 1.00 
350W-W-0.9 540 543 0.99 
350W-W-0.7 417 417 1.00 
350W-W-0.5 291 302 0.96 
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Figure 6.1: Dimensions of Tensile Coupon 
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Figure 6.2: Test Setup 

[A] 

Figure 6.3: Specimens and Failure 
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Figure 6.14: Comparison of Perforated Test Results with FE Results for 350W Steel 
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CHAPTER: 7 

FINITE ELEMENT ANALYSIS 

7.1 Introduction 

This chapter presents finite element modeling procedures associated with plate and beam 

analyses. These FE models were compared with the experimental results. The FE results 

were evaluated against the experimental results in terms of the global behavior (load

deflection) and the local behavior (local stresses and strains). This study was conducted 

using a commercially available ADINA FE program, version 8.4 (ADINA R&D 2007), 

which has capabilities for modeling geometric and material nonlinear effects. The factors 

contributing to discrepancies of the experimental and numerical results are discussed. 

7.2 ADINA Options Used in This Study 

The following ADINA options were utilized in this FE study; 

Element Type: 4-node general purpose shell element was used. The theoretical 

formulation of the shell element can be found in various literatures (Ahmad et al. , 1970 

and Bathe 1996). A large number of researchers have demonstrated that shell elements 

are a suitable choice and sufficient for modeling the physical behaviour of I-shaped 
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beams (White et al., 1993, Huang, 1994, Barth 1996, Earls and Shah 2000, Green et al., 

2002, Greco and Earls 2003, Yang 2004, and Huns et al., 2006). 

Material Models for Analysis of Steel Members: ADINA utilizes the incremental 

plasticity form of the elastic-plastic model, in which the increment of plastic strain is 

related to the state of stress and the stress increment (ADINA R&D 2007). Incremental 

models are formulated in terms of; a yield surface, a flow rule and a hardening rule. Of 

many material modeling options available in ADINA, an elastic-plastic constitutive 

model with von Mises yield surface, associative plastic flow rule and isotropic work 

hardening has been found to be suitable to represent the behavior of metals such as steels 

(Barth 1996 and Yang 2004). 

Analysis Module Used: Since it is necessary to obtain equilibrium states in the unloading 

reg10n, the ADINA non-linear static analysis module was employed. The 

load/displacement increment is generally established based on a pre-defined time 

function and time steps, which controls the variation of the load (or displacement) with 

time, for example; a linear variation. The increment size follows from accuracy and 

convergence criteria. Within each increment, the equilibrium equations are solved by 

means of the ADINA default Full Newton method. A sparse equations solver is employed 

in these analyses . Loads are applied to the specimen in a displacement control fashion 

that enforces a better conditioning of the tangent stiffness matrix when compared to the 

classical load-control procedure (Coelho et al., 2006). 

CHAPTER: 7 278 



7.3 FE Analysis of a Plate with a Hole 

This portion of the study was performed (1) to establish mesh size that satisfactorily 

balances accuracy and computing resources (mesh convergence study) and (2) to 

establish the differences in load-deformation behaviours of a solid plate, a plate with a 

middle hole as well as a plate containing a fastener hole subjected to axial tension and 

axial compression loadings. In FE modeling, a finer mesh typically results in a more 

accurate solution. However, as a mesh is made finer, the computation time increases. 

Therefore, in any FE analyses, a mesh convergence study is performed to obtain an 

accurate solution with a mesh that is sufficiently dense and not overly demanding of 

computing resources. 

The presence of a hole, which redistributes the membrane stresses in the plate, can cause 

significant changes in the deformation characteristics, and may also reduce the strength 

of such plate. This portion of the study analyzed the strength of plates subjected to axial 

loads. The main purpose of this analysis was to study the behavioural differences 

between the solid plate, plate with a hole and plate with a hole having a "snug tight" 

fastener. The behavior of such plates was established using the load versus axial 

deformation relationship. Note that the analysis of buckling behavior of slender plates 

having holes was beyond the scope of the study. 
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7.3.1 Problem Statement and Method of Analysis 

Figures 7.1 [A] and 7.1 [B] illustrate the problem considered with regards to a simply 

supported plate having a concentric hole subjected to axial tension or compression. The 

plate was assumed to have the following dimensions; 400 mm long (a), 200 mm wide ( b) 

and thickness ( t ) of 10 mm. Thus, a resulting plate slenderness ( b It) ratio is 20. The 

stress-strain behvaior of the plate was assumed to be a linear elastic-perfectly plastic 

material with the yield strength of 350 MPa. The elastic modulus and the Poisson' s ratio 

for this material model were assumed to be 200 GPa and 0.3 , respectively. As seen in 

Figure 7.1, the plate has a concentric hole of 22 mm diameter, in which a 20 mm (M20) 

fastener is placed. Practically, when a load is applied on a plate having this type 

connection, the plate will slip until bolts begin to bear against the hole edge. This type of 

connection is referred to as bearing type connection. To represent such type of 

connection, one edge of the bolt was assumed to be in contact with the corresponding 

edge of the hole at the beginning of the load. The plate portion on the other side of the 

single bolt line was idealized as a rest of the connection, and thus, the far end of the plate 

was fully supported (shaded area in Figure 7.1). 

The plate was modeled using a 4-node shell element. Gauss numerical integration 

through the shell thickness was employed in this analysis. The size of the shell elements 

adjacent to the hole region was smaller than that of the elements on the rest of the plate 

region. Contact analysis with no friction effect was used to model the contact between the 
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bolt and the hole edge. The bolt was modeled as a rigid target surface while the hole edge 

was modeled as a contactor surface. In these analyses, ADINA non-linear static analysis 

module was used. A uniform displacement was applied perpendicular to the short edge of 

the plate until the maximum displacement of 2.5 mm (maximum uniform strain of 0.005) 

was reached. For the solid plate and for plates with a concentric hole, the load was 

allowed to increase in small increments of 0.02 mm per step. The load increment in each 

step, for the plate with a bolt hole, was set to 0.01 mm, due to the use of contact surfaces. 

7.3.2 Discussion of Results-Plate Analysis 

Figures 7.2[A] and 7.2[B] show the load-deformation behavior (normalized axial stress 

versus axial strain) of a plate under tension and compression, respectively. These figures 

compare the load-deformation behavior of the following cases; [i] solid-plate, [ii] plate 

with a concentric hole, and [iii] plate with a fastener hole (smug tight bolt inside the 

hole). The average axial stress was defined as total tensile/compressive load divided by 

the plate ' s gross area (width x thickness). The axial stress was normalized with the yield 

stress of the plate material (FY =3 50 MP a). The average axial strain was established over 

the length of the plate between the loading edge and the plate's center line which passes 

through the center of the hole in this study. The axial strain was normalized with the yield 

strain. Since an idealized linear elastic-perfectly plastic material model with the yield 

strength of 350 MPa was used in this analysis, the solid-plate reached a maximum 

strength of 350 MPa. The corresponding yield strain was l.75x10-3 

CHAPTER: 7 281 



(FYI E=350/200,000=1.75xl0-3
). It may be noted that, as expected, the load-deformation 

behavior of plates with no holes and plates with a concentric hole were similar under 

tension and under compression, particularly in the elastic range and at the ultimate load 

level. However, the behaviors of the plates having a hole with a fastener were different in 

tension and in compression. In tension, plates with fastener holes exhibited identical 

behavior as a plate with holes. However, in compression, the plates with fastener holes 

reached an ultimate strength of 343 MPa, which is 2% less than that of the solid plate. 

This may be due to the stress concentration effects in the vicinity of the hole region 

causing early yielding. The initial stiffness of the plate having fastener holes, subjected to 

compression load, was slightly higher than the initial stiffness value of 200 GPa used in 

the study, which may be primarily due to the bearing of the bolt on the near edge of the 

bolt hole. 

Table 7 .1 summarizes the finite element analyses based ultimate strength of plates having 

different size of holes (i.e., different An I Ag ratio). The percentage strength reduction of a 

plate with fastener hole under tension increased with increasing bolt size. The percentage 

strength reduction under tension was approximately equal to the ratio of Ah I Ag (i.e. , 

hole area/gross area). However, the strength reduction in plates with fastener holes 

subjected to compression was considerably less. Largest reduction of 4% was observed 

for the plate having a 40 mm fastener hole (An I Ag =0.8). 
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7.4 Finite Element Analysis of Beam 

In this phase, the test beams having flange holes discussed in Chapters 4 and 5 were 

modeled and analyzed using ADINA FE program. The predicted results were compared 

with the experimental results. Also, the predicted failure modes of the FE models were 

compared with the test beams. The following section presents the FE modeling procedure 

with regards to the beam analyses. 

7.4.1 Description of FE Model 

Since the purpose of the numerical study was to develop and to verify FE models with the 

beam test results, a full scale FE model of each beam to be analysed was carried out. The 

FE models included the following dimensions; shear span = 1080 mm, midspan = 750 

mm, flange width = 166 mm and web height = 193 .2 mm. The thicknesses of the flanges 

and webs were adjusted based on the measured dimensions of corresponding test beam. 

Web stiffeners of 6.3 mm thick were added at loading and support locations. The fillet 

area at the flange web comers was taken into account by the way the model was 

described. That is, since the mid surfaces of the beams were defined in the FE models, 

the area that entrapped within the web and the half of the flange may be considered to 

represent the fillet area. 
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Figure 7.3 shows a FE mesh for the solid beam. The flanges and web of the beam were 

modeled using four-node isoparmetric shell elements with mid-surface nodal points. As 

seen in Figure 7.3, a relatively fine mesh was used in the critical span region while a 

coarse mesh was used in the shear span region. The FE model for the solid beam 

specimen included a total of 3128 shell elements with 3231 nodes. Figure 7.4 presents a 

FE mesh used for the beam having holes in tension flange . As seen in the figure, the FE 

mesh was refined locally in the vicinity of the hole region for improved resolution of 

stresses and deformations. Away from the hole region, a relatively coarse mesh was used. 

The FE model for the beam specimen having holes in tension flange included a total of 

9456 shell element with 9649 nodes. A FE mesh for the beam having holes in both 

flanges is shown Figure 7.5. This figure illustrates how the mesh size was increased from 

a fine mesh in the vicinity of the hole region to a coarse mesh away from the hole region. 

It was noted in this study that a mesh transition from a fine mesh to a coarse mesh 

required a smooth transition to avoid model convergence problems. Thus, a sudden 

transition from a fine mesh to relatively a larger coarse mesh was impossible. The FE 

model for the beam having holes in both flanges included a total of 21920 shell elements 

with 22215 nodes. 

Boundary Conditions: Figure 7.6 illustrates the boundary conditions used in this FE 

study. As seen in the figure, one end of the flange edge was allowed to translate in-plane 

directions (in Y direction and in Z direction) as well as allowed to rotate about the major 

axis (Y-Y axis in this modeling). This end can be refereed to as roller end. The opposite 
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edge of the bottom flange was permitted to translate in the lateral and to rotate about the 

major axis (Y-Y axis in this modeling) while restraining the remaining translations and 

rotations (see Figure 7.6). Additionally, the outer plane translations in the Y-direction 

were restrained at the bracing point locations (see Figure 7.6). 

Material Model: As discussed in Chapter 4, the mechanical characteristics of the test 

beams were established using standard coupon tests. Three flange coupons and three web 

coupons were tested. Note that the stress-strain relationship of the flanges and webs of 

the test beams differed from the coupon results established in Chapter 6. Although the 

test beams and a set of coupon samples tested in Chapter 6 conformed to ASTM A992 

steel (according to the steel suppliers mill certificate), a wide scatter in the mechanical 

characteristics was noted. As indicated earlier, the purpose of conducting tensile test in 

Chapter 6 was to develop a material model that is expected to capture the behavior up to 

fracture. 

The element formulation used in the numerical analysis required knowledge of the true 

stress-strain characteristics of the material. The true stress-strain relationship, up to onset 

of necking, was directly obtained from the engineering stress-strain relationship 

established using tensile tests (see Chapter 6 for more details). In the post ultimate 

strength region, however, an experimental-numerical analysis was performed to establish 

the true stress-strain relationship (see Chapter 6). In the FE model of the test beams, the 

flanges and the web were assigned with their corresponding material models. Figure 7.7 
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shows the material model pertaining to the flange. As seen in the figure, a weighting 

constant of 0.7 was used to reproduce the tensile test results. Figure 7.8 relates the 

material model for the web, in which a weighting constant of 0.9 was used to reproduce 

the tensile test results. These figures also include the numerical values of the true stress

strain relationship up to an assumed maximum strain of 100%. 

Geometric Imperfections: The following method was used to accommodate the geometric 

imperfections. The free edges of the flanges were defined to form a number of half sine 

waves in the member length direction. Also, the middle line of the web in the member 

length direction was defined to form a number of half sine waves as follows ; 

For the flange imperfection: 8 = 80 sin( TI;) sin( TI~) 

For the web imperfection: 8 = 80 sin( TI* )sin( TI ~) 

where 8
0
(= b I 1000) is the maximum imperfection amplitude, b and h are the flange 

width and the web height, respectively and L is the length of the beam. The wave length 

of the sinusoidal imperfection was considered to be half of the flange width ( b 12) along 

the flange edge and h I 2 along the middle web. 

Residual stresses: The applied residual stresses used in the FE model are as shown in 

Figure 7.9. The effects of residual stresses manifest itself in the moment-rotation and 

load-deflection diagrams as a "rounding off'' of the curve as the beam yields (Yakel et al. , 

2002). The incorporation of residual stresses in the FE models of the solid beam in this 
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study had no effect on the ultimate moment capacity. This trend was noted in various 

numerical studies, which have shown that the presence of residual stresses had a 

negligible effect on the behaviour of relatively compact beam sections. Therefore, precise 

modeling of the residual stresses is not a serious concern (Greschik et al. , 1993, Huang 

1994 and Yakel et al. , 2002). This is true for relatively compact sections such as used in 

this study. In this modeling FY= 409 MPa was used. 

Finite Element Analysis Procedure: As discussed, the beam model was developed using 

four-node shell element. Web stiffeners were also modeled with the 4-node shell element. 

The loading was applied through a displacement control. As discussed, ADINA static 

analysis module was used. A total displacement of a required amount (depending on the 

problem) was applied varying linearly with a total time of 100. The total time was 

subdivided into 500 equal time steps. Thus, for each time increment, the displacement 

was increased by 0.8 mm. 

7.4.2 Comparison of FE Results with Test Results 

FE analyses were performed on twelve beam models. The beam models included solid 

beam, beam with holes in the tension flange and beams with holes in both flanges . In all 

cases, a full scale model was used to assess the FEA relative to the experimental results. 

The assessment was made based on the ability of the FE model to predict the behavior of 

test beams in terms of the global and local level. 
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Beam AlOO: Figure 7.10 compares the FE results with those of test results for solid 

beams. As seen in the figures, the FE results correlated well with the experimental 

results. The FE model reached a maximum load comparable to the test results. Moreover, 

the local deformations measured at the center midspan using the FE analysis and the test 

results were found to be in close agreement with each other (see Figure 7.1 O[B]). Figure 

7 .11 shows the deformed shape of the FE model of the solid beam. It can be seen from 

this figure that the beam exhibited a failure due to combined lateral torsional buckling 

and local buckling in the midspan region. A similar mode of failure was observed in the 

experiment (see Chapter 5). 

Beam A90: Figure 7.12 compares the FE results with those of test results for beam A90-

1. As seen in the figures, the FE results showed good agreement with the test results until 

a maximum load was attained. Beyond the maximum load level, the load-deflection 

response of the FE model was slightly higher than the experimental results, which may be 

due to the variations in geometrical imperfections, residual stresses, inhomogeneous 

material characteristics, etc. However, as seen in Figure 7.12[B], the local distortions 

measured at the center midspan of the beam were closely reproduced by the FE 

simulation. Figure 7.13 compares the deformed shape of the FE model with the test 

specimen. As seen in the figure, beam A90- l exhibited a failure due to combined lateral 

torsional buckling and local buckling in the critical span region which was similar to the 

failure observed in the experiment. 
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Beam A85: In Figure 7.14, the FE responses were compared with the test results. The 

overall predictions from the FE analysis showed good agreement with the test results. 

Figure 7.15 shows the deformed shape of the FE model at failure. As seen in the figure , 

the failure was mainly due to combined lateral torsional buckling and local buckling in 

the critical span region which was similar to the test observations. 

Beam A80: Figure 7.16 presents the FE responses along with the test results for beam 

A80- l. As seen in the figures, the initial stiffness of the FE model was slightly higher 

than the test response. However, the overall variation of the FE results were in close 

agreement with the test results until a maximum load was attained. Beyond the maximum 

load, the FE model unloaded relatively more gradually than the test results (see Figure 

7.16[A]). Figure 7.17 shows the deformed shape of the FE model at failure. As seen in 

the figure, local buckling waves observed along the flange-edges in the midspan region. 

A similar nature of failure mode was observed in the test specimen A80-1 (see Chapter 

5). 

Beam A75 : Figure 7.18 compares the FE results with the test responses for beams A75-l , 

A75-2 and A75-3. Overall, the responses obtained from the experiment and the FE 

models were well correlated. Figure 7.19 shows the deformed shape of the FE model. As 

can be seen from the figure, the FE model predicted a failure due to local buckling which 

was eventually followed by net section fracture at hole locations. 

CHAPTER: 7 289 



Figure 7.20 shows the variation of strain ( F,J around hole region for the beam model 

A 7 5. As seen in the figure, strains in the vicinity of hole region were several times larger 

than the strains in the tension flange away from the hole region. Once a maximum 

fracture strain of 100% was reached (in the vicinity of hole), the beam model began to 

shed load rapidly due to net section fracture at the hole location. As seen in Figure 7.20, 

although the strain in the vicinity of hole region was approximately 100% (at failure) , the 

strain at the flange-web junction was less than 15%, which may be attributed to the fact 

that the flange-web interaction restrains the movement of the flange at the intersection. 

Therefore, this FE study supported the argument that a beam member may not fail 

suddenly once the tension flange having holes has reached a maximum fracture strain, as 

opposed to a direct tension member (Dexter et al., 2002). 

Beam A70: Figure 7.21 presents the FE responses along with the test results for beam 

specimens A 70-1 , A 70-2 and A 70-3. As seen in the figures, the initial stiffness of the FE 

response was slightly higher than that of the test specimens, which may be due to the 

variations in shear-span of the test beam from the value used in the FE simulation. 

However, the predicted responses were closely correlated with the experimental results. 

Figure 7.22 illustrates the deformed shape of the FE model comparing with the test 

specimen. As can be observed from the figure, the FE model predicted failure due to 

fracture, which was preceded by necking at hole locations. 
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Beam A60: Figure 7.23 relates the FE response along with the test responses for beam 

specimens A60-1, A60-2 and A60-3. As seen in the figures, the FE results agreed closely 

with the test results. The deflected shape of the beam as obtained from the FE analysis 

presented in Figure 7.24. As seen in the figure, the failure pattern associated with the test 

beam and the FE model were comparable to each other. The FE model predicted eventual 

failure due to fracture at hole locations. 

Beam A50: Figure 7.25 compares the FE results with the test results for beam specimen 

A50-1 . One observes from the load-deflection curve that the FE model failed at slightly 

higher midspan deflection than the test specimen. This may be mainly due to the 

following factors: 

(1) the variations in the assumed maximum fracture strain of 100% may be slightly 

higher than the actual fracture strain that the flange material possesses 

(2) the method of hole making practice may influence the material property adjacent 

to the hole region, which was not taken into account in the FE simulation. In other 

words, the FE simulation assumed that the material was homogenous throughout a 

sample 

Figure 7 .26 presents the deflected shape of the FE model at failure. As seen in the figure, 

good correlation occurred between the test specimen and the corresponding FE model in 

terms of eventual failure pattern due to fracture. 
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Beam A85-B: Figure 7.27 relates the FE responses with the test responses for beam 

specimen A85-B-1. As seen in Figure 7.27[A], the initial stiffness of the FE model was 

slightly lower than the test results. Furthermore, the FE model reached a maximum load 

at slightly lower midspan deflection than the test beam. However, the overall load

deflection behaviour of the FE model was similar to the test results. The prediction of 

local deformation at the center midspan was compared closely with the test response (see 

Figure 7.27[B]). Figure 7.28 presents the deformed shape of the FE model at failure. The 

FE model indicated the failure of the specimen due to combined lateral torsional buckling 

followed by local buckling of the compression flange in the critical span region. A 

similar nature of failure mode was observed during the test on beam A85-B-l (see Figure 

7.28). 

Beam A75-B: Figure 7.29 compares the FE predictions with the experimental responses 

for beam A 75-B-1. As seen in the figure, the FE model closely predicted the 

experimental results. Moreover, the FE prediction of out-of-plane movement of the 

compression flange with respect to the tension flange at the center midspan was in close 

agreement with the test result (see Figure 7.29[B]). The strain readings (at strain gauges) 

for the test specimen and the FE model at a cross-section in the center midspan are 

compared in Figure 7.30. As presented in Figure 7.30, the effect of stress concentration in 

the vicinity of hole region was evident from the FE model and the test results. The overall 

strain variations at corresponding locations of the FE model and the test specimen were in 

close agreement until a gross cross-section plastic moment was attained. After reaching 
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the plastic moment, slight variations occurred between the FE prediction and the test 

results . Figure 7.31 presents a deflected shape of the FE model and beam specimen A 75-

B-1 at failure. As seen in the figure, local buckling of the compression flange occurred 

within the midspan region. The deformed shape of the FE model was comparable to that 

of the test specimen at failure. 

Beam A70-B: The load-deflection and the moment-rotation behavior of beam specimen 

A70-B-1 is compared with the FE model responses in Figure 7.32. As seen in the figure, 

the FE model described a load-deflection response similarly to the test results until a 

maximum load was attained. Beyond the maximum load, the unloading in FE model 

occurred relatively rapidly when compared to the test response. Figure 7.33 portrays the 

deformed shape of the FE model and the test beam at failure . The FE model predicted 

failure similar to the test beam, i.e., the beam specimen failed as a result of net section 

fracture preceded by local buckling of the compression flange. 

Beam A60-B: Figure 7.34 compares the FE responses with the test results . As seen in the 

figure, the FE responses and the test results were similar until the gross cross-section 

plastic load (or moment) was reached. Beyond the plastic load, the FE predictions were 

slightly higher than the test responses. Nevertheless, the maximum load attained by the 

FE model and the experiment was in close agreement. After reaching the maximum load, 

the FE model unloaded gradually and failed eventually as a result of net-section fracture. 

Figure 7.35 presents the deformed shape of the FE model along with that of the test 
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beam. As seen in the figure, the failure pattern associated with the FE model was 

comparable with the test beam. 

A comparison of the predicted ultimate moment capacity and the test results is presented 

in Table 7.2. The ratios of the test capacity to the predicted capacity for the twelve 

specimens presented in Table 7.2 varied between 0.98 and 1.02. For most cases, the 

predicted moment capacity was slightly lower than the test capacity. 

7.4.3 Sensitivity Study on Selection of True Strain Corresponding to Fracture 

This portion of the study was to investigate the influence of the selection of true strain 

corresponding to fracture ( & 1.
1

) on the behaviour of flexural members having flange 

holes. Although various experimental studies on ductile fracture of structural steels under 

uniaxial loading have shown that the & 1 .
1 

varies between 80% and 120% (Khoo, 2000 

and Hancock and Mackenzie, 1976), it is not clear as to when to define & 1.1 for a 

particular steel grade. This was why & 1.
1 

of 100% was assumed for the FE analyses 

performed on tension tests and beam tests in this study. Although the material modeling 

based on &1.
1 
=100% showed reasonably good agreement with the test results, it was of 

interest to see how the selection of & 1.
1 

influences the ultimate response of flexural 

member having flange holes. For this purpose, beam specimen AS0-1 was considered. As 

shown in Figure 7.36, the beam was modeled with three different & 1 ,, values for the 
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flange and web material; & f.t =80%, & 1 ,1 =100% and & 1 ,1 =120%. Figure 7.37 shows the 

predicted load-midspan deflection curves for the & 1 ,1 of 80%, 100% and 120%. As seen 

in the figure, for & 1 .
1 
=80%, the predicted results correlated well with the experimental 

results . However, for & f.t =80%, the maximum load predicted by the FE model was 

slightly lower than the test value. As seen in Figure 7.37, for & f,1 =100% a sudden drop in 

load occurred approximately 36% higher midspan deflection when compared to the test 

results. For & 1 ,
1 
=120%, the load began to drop at 45% higher midspan deflection than the 

test results. Therefore, the selection of & 1 ,
1 

had a certain impact on the fracture point, but 

had no significant impact until the beam specimen reached its ultimate load. By 

considering the analyses based on one beam model (A50-1) may provide an idea on how 

the effects of holes on flexural behaviour of steel beams or any member experiencing a 

stress concentration effects due to abrupt changes in cross-section (presence of holes, 

grooves, etc.) can be taken into account in FE modeling. 

7.5 Summary 

A total of twelve test beams were analyzed with the help of FE analyses. The numerical 

results of the load-midspan deflection curves, moment-rotation curves flange local 

deformation curves and deformed configurations were compared with experimental 

results. A comparison of those results indicated that the FE modeling could be used to 

analyze the inelastic response of beams with flange holes. The FE models described 
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similar load-deformation curves and they reached a comparable maximum load. Also, the 

models were able to predict the failure mode and the location of the fracture. The strains 

obtained from the FE analyses showed good correlation with those in the test. Overall, 

the modeling technique used herein provided good predictions of the experimental results 

at both the local and global levels. 
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Table 7 .1: Ultimate Strength of Plate with Different Sizes of Fastener Holes under 
Tension and Compression 

Tension Com~ression 

Fastener hole [ ~:1 % % 
size including Ultimate Strength Ultimate Strength 

2mm clearance strength (MPa) reduction strength (MPa) reduction 
(mm) (%) 

(I) (2) (3) (4) (5) (6) 

Solid-.Qlate 100 350 o'.o 350 0 
8.4 (114" bolt) 96 335 4.3 347 0.9 
18 (Ml 6 bolt) 91 320 8.6 344 1.7 
26 (M24 bolt) 87 306 12.6 340 2.9 
32 (M30 bolt) 84 295 15.7 338 3.4 
40 (11 /2" bolt) 80 281 19.7 336 4.0 

Table 7.2: Comparison of Maximum Moment between Test and FE Results 

Moment Capacity 
Beam 

[ Afa ] [ ArJ"] 
(k.Nm) 

ID FE Test/Predicted 
A Jg A1gFy Test Prediction 

(I) (2) (3) (4) (5) (6) 

Al 00-1,2,3,4 100 1.30 214 212.0 1.01 
A90-l 91 1.18 214 211.6 1.01 
A85-l 85 1.10 215 210.8 1.02 
A80-l 79 1.03 212 208.6 1.02 
A75-l,2,3 74 0.96 209 205.5 1.02 
A70-l,2,3 71 0.92 204 203.3 1.00 
A60-l,2,3 62 0.81 195 193.7 1.01 
A50-l 52 0.67 178 182.0 0.98 
A85-B-l 86 1.17 210 206.2 1.02 
A75-B-l 74 0.96 200 198.0 1.01 
A70-B-l 70 0.91 197 195.4 1.01 
A60-B-l 63 0.82 192 190.5 1.01 

CHAPTER: 7 297 



CHAPTER: 7 

[A] [B] 

Figure 7.1: Plate with Fastener Hole 

1.2 -------------------------~ 1 .2 ------------------------~ 

TENSION 

1.0 -1 -1---1i--+--J.----L-__J 
0.8 I I I.... vwuw ' 1"" I 

Plate "1ith hole I I I I 
~ 0.6 I I I 
~ 
u'.' 

0.4 

[A] I I 
0.2 I----, -+--

o.o -L-----L-----'-----+----1.-----1-- --
1.0 1.5 2.0 2.5 3.0 I 

£,..fr., 
o.o 0.5 

I 
0.8 1 I R I ' Plalf with hole I 

..:-
J 0.6 l If I ' Plate will fastener hr• 

0.4 

0.2 

I l / I 
I I 

0.0 0.5 1.0 1.5 2.0 

•.v.lr.., 

Figure 7.2: Normalized Axial Stress versus Axial Strain Relationship 

COMPRESSION 

[B] 
I I 

I 

2.5 3.0 

298 



A 
D 
II 
NI 
A 

Model contains 1 substructure. 
Main structure information: 
3231 nodes. 
2 element groups: 
Element group 1 : 2048 shell elements. 
Element group 2: 1080 shell elements. 
3128 elements total in main structure. 

Ut 63

mm II II 111 

Shear span = 1080 mm Midspan = 750 mm Shear span = 1080 mm 
I 

3JI 
~ 166 mm ~ 

Figure 7.3: FE Model for Solid Beam 

CHAPTER: 7 

x 

~z 
y 

299 



A 
D 
II 
NI 
A~ 

CHAPTER: 7 

Model contains 1 substructure. 
Main structure information: 
9649 nodes. 
2 element groups: 

y x 
z_y 

Element group 1: 7936 shell elements. 
Element group 2: 1520 shell elements. 

9456 elements total in main structure. 

Figure 7.4: FE Model for Beam with Holes in Tension Flange 

300 



A~ 
D~o~-~ 
II 

N f'iiillliiiiti 
A~ 

Model contains 1 substructure. 
Main structure information: 
222 JS nodes. 
2 element groups: 

Element group 1: 20640 shell elements. 
Element group 2: 1280 shell elements. 
21920 elements totaJ in main structure. 

Figure 7.5: FE Model for Beain With Holes in Both Flanges 

CHAPTER: 7 

)( t-z 
y 

30J 



[Braced web 
edge] 

CHAPTER: 7 

[Pin support] 

[Bracing points] 

u = 1, v = 0, w = 1 

ex = 1, ey = 1, e, = 1 

u = 0, v = 1, w = 0 

ex = 0, ey = 1, e, = 0 

u = 1, v = 0, w = 1 

ex =I ,ey =I,e, =l 
[Bracing points] 

1- Free 
0- Fixed 

[Braced web 
edge] 

u = 1, v = 0, w = 1 

[Roller support l 
u = 0, v = l, w = l 
ex = 0, ey = 1, e, = 0 

Figure 7.6: Boundary Condition for Full Scale Model 

302 



1000 ~--~--~--~--~--------, 

900 t----+----+-----+-L---4-----±~...,,,,,.....-''--i 

800 -l----+-----1----1(------=__.'P'-~;;;:--w-=-=-o+. ----i 

- 700 I _.,-
~ ~ 
~ 600 t--~~+----+-----+----t-----i 

~ 500 L ;; L Steel Grade: A992 
1l 400 - --+----+------tt Flange: 
>: 300 thickness = 11 .4 mm 

Fy = 409 MPa 
200 +----+-----+-----tt Fu = 531 MPa 

100 +-----+-----+-----ttE = 215 GPa 
v = 0.3 

0.0 0.2 0.4 0.6 0.8 

True strain (mm/mm} 

1.0 

600 ~--~--~--~---~-~ 

lange-1 

400 -llt"llll'----+------+-------i=langeol!'-+--,''+---,~-1 

" !i lange-3 
';;-300 ------+-----1------4----+----< 

~ 
u; 

200 ·t-----+----;-----+---t------1 

100 +-----+-----+------+---+-----i 

o ~. ~~-.-+~~~-r-r-~-+-~~-+-~~..,.._, 

0.00 0.05 0.10 0.15 0.20 0.25 
Strain (mm/mm} 

Figure 7.7: Flange Material Model 

CHAPTER: 7 

True Stress-strain 
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Strain Stress 
J.mm/mml J.MPal 

0.000 0 
0.002 410 
0.013 414 
0.018 440 
0.023 458 
0.028 472 
0.032 485 
0.037 496 
0.042 506 
0.047 515 
0.052 523 
0.056 530 
0.061 537 
0.066 544 
0.070 550 
0.075 555 
0.080 561 
0.084 566 
0.089 571 
0.093 575 
0.098 580 
0.103 584 
0.107 588 
0.112 592 
0.116 596 
0.120 599 
0.125 603 
0.129 606 
0.134 609 
0.138 613 
0.144 617 
0.194 648 
0.244 674 
0.294 698 
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0.394 740 
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0.594 811 
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CHAPTER: 8 

CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE CODE PROVISION 

8.1 Summary 

The main objective of this investigation was to evaluate the influence of flange holes on 

the flexural behavior of steel I-beams. To achieve the objective, a total of twenty five 

flexural tests were performed. The test beam specimens were obtained from the same 

production batch conforming to ASTM A992 steel, which is rapidly becoming the most 

common grade of steel produced. The tests were conducted under a four-point bending 

configuration by creating a constant moment in the midspan region. A pair of holes was 

laid in flanges on either side of the flange-web junction at the center midspan. In order to 

assess the influence of holes on the flexural behavior, the sizes of the holes were selected 

in a systematic manner considering standard fastener sizes, which are often used in 

practice. The mechanical properties of the test beams were established by performing 

standard coupon tests. 
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8.2 Conclusions 

[ 1] Comparison of different standards revealed that the 15% exemption rule as per the 

current CSA (2003) standard was more restrictive for steel grades having FY I Fu S 

0.8 . However, this rule may be unconservative for steel grades having FY I Fu >0.8 

(see Table 3.2). 

[2] Comparison of the current and the previous version of the AISC (AISC-LRFD 2005 

and 1999) standards indicated that the current version allows 20% more holes to 

gross flange area than the previous version without any deduction in the gross 

section plastic moment capacity. This is true for steel grades having FY I Fu S.0.8. 

For steel grades having FY I Fu >0.8, the current AISC code (AISC-LRFD 2005) 

permits 10% more holes to the gross flange area than the older version (AISC-

LRFD 1999). 

[3] Based on the flexural test results, all beam specimens, including A50-1 , which had 

net flange area-to gross flange area ratio value of 52% (i.e., holes removed 48% of 

the gross flange area), attained a maximum moment more than M P (gross section 

plastic moment). In other words, net-section fracture of the tension flange did not 

limit the maximum moment to less than M P . This may be true for beam sections 

satisfying Class 1 or Class 2 section classification. 

[4] Test results indicated that, for beam specimens proportioned on the basis of flexural 

strength of the gross section, the dominant failure mode can be established based on 
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the A Jn Fu I AJg Fyratio. The beam specimens having the A Jn Fu I AJg Fy z 1.0 failed 

due to lateral torsional buckling followed by local buckling in the midspan region 

(ductile failure). On the other hand, the beams with the A Jn Fu I AJg Fy <1.0 exhibited 

an eventual failure due to net-section fracture through the tension flange holes 

(brittle failure) . 

[5] The strains measured at the middle webs of beams A 75-3 and A 70-2, which had 

holes exclusively in the tension flange, indicated that no significant movement 

associated with the position of neutral axis of the gross cross-section took place 

during the test. This FE analysis of the corresponding beam specimens performed in 

this study also supported this observation. This may be true due to the fact that the 

holes accommodated only a small portion of the midspan, thus a sudden jump in the 

neutral axis across the net section is impossible. However, if a series holes were laid 

closely, then it would be likely to have a significant movement in the neutral axis. 

[ 6] The maximum moment ( M n,)-to-net-section fracture moment ( M Jn) ratio varied 

between 97% to 109% for the beams having a maximum holes of 48% to the gross 

flange area in the tension flange only. The Mm IM Jn ratio ranged from 103% to 

119% for the case where open holes of 14%-37% to the gross flange area occurred 

in both flanges . When holes contained fasteners ("snug tight") of corresponding 

standard sizes, M
111 

I M Jn ratio spanned between 99% and 106%. 

[7] From the test results, it was observed that strength and ductility of the beam 

specimens having holes in the tension flange only and similar beams having 
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fastener holes in both flanges were closely correlated. Hence, it can be construed 

that the use of fasteners (of standard sizes) in the compression flanges was effective 

in resisting the flexural stresses. 

[8] When open holes occurred in the tension flange only or when fastener holes 

occurred in both flanges, the beam specimens having the A Jn Fu I AJg Fy ~ 1.0 

experienced failure primarily due to lateral torsional buckling followed by local 

buckling in the midspan region. In such cases, the MP I M Jn ratio values were less 

than 0.85 (see the eighth column of Table 5.10). 

[9] When open holes existed in the tension flange only and when fastener holes 

occurred in both flanges , the beams having the A1;,Fu I A1kFY <1.0 exhibited failure 

mode as a result of net-section fracture through the tension flange holes. In such 

cases, the M P I M Jn ratio values were greater than 0.85 (see the eighth column of 

Table 5.10). 

[10] When open holes were laid m both flanges, the beams having 

theAJn F,, I A1kFY <0.95 failed due to either the combined lateral torsional buckling 

followed by local bulking or mainly local buckling. In such cases, the M P I M Jn 

ratio values were less than 0.98. On the other hand, the beams having 

A1;, Fu I AJg Fy>0.95 failed as a result of net-section fracture and in such cases, 

M P I M Jn ratio values were greater than 1.0. 

[ 11] Based on the assessment of the test results, it can be proposed that by limiting the 

ultimate strength (Fu) to 0.85 Fu, the probability of (unwanted) failure due to net-
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section fracture may be significantly reduced. This may be true for steels having the 

FYI Fu ratio of less than 0.8. 

[12] From the test results (a design approach, which is analogous to the tension member 

provision, can be proposed as follows; 

• Calculate the gross-section plastic moment capacity, M P(= Z gFy ) 

• Calculate the factored net-section fracture moment, M fnm = (0.85 ZnF,, ) 

If M P ::::; M fnm , ignore the effects of holes and design a flexural member for its 

gross-section plastic moment capacity. Otherwise, the flexural member shall be 

designed to carry the modified net-section fracture moment, M fnm = 0.85 Zn Fu, 

where Zn is the plastic section modulus of the net-section and F,, is the tensile 

strength of flange material. 

Note that this method may be applicable for Class I or Class 2 sections as per the 

current CAN/CSA-Sl6.0l standard (CSA 2003). 

[ 13] The design moment calculation in accordance with the proposed method was 

comparable to the current AISC-LRFD (2005) code provision in terms of the 

establishment of a threshold value (for a particular steel grade). 

[14] However, beyond a threshold limit, the proposed method predicted slightly higher 

moment resistance than the current AISC-LRFD (2005) code and various other 

standards considered. Note that the design moment calculation based on the 

proposed method was found to be lower than the measured maximum moment 
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(more than 20%). Thus, the predicted moment (based on the proposed method) had 

a reasonable margin of safety as compared to the maximum moment. 

[ 15] Based on the test results, the rotation capacity of flexural members having holes in 

the tension flange only and similar members having fastener holes in both flanges 

were in close agreement. 

[16] All beam specimens tested attained a rotation capacity of more than 3, which is 

required by the current AISC-LRFD (2005) specification for non-seismic 

applications. However, the required rotation capacity for seismic application as per 

the current AISC-LRFD (2005) standard is approximately 9. The test results 

indicated that the beams having the A 1;, Fu I A Jg FY ~ 0. 9 possessed an inelastic 

rotation capacity of more than 9. 

[17] It should be noted that the available rotation capacities would vary depending on 

many parameters such as the geometry of the beam specimens tested, bracing 

locations (closer bracing will result in higher rotation ductility), material strain 

hardening, local instabilities associated with flange and/or web buckling, presence 

of initial geometric imperfections, etc. Thus, the generalization of available rotation 

ductility from a certain type of flexural test is highly subjective. 

[18] It is essential to avoid the limit state of net-section fracture of the tension flange to 

have adequate rotational ductility for beams. Based on the test results, the limit state 

of tension fracture was found to be controlled by a ratio between the net-section 

fracture strength (A fii Fu )-to-the gross-section yield strength (A Jg FY) of the tension 

flange. 
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[19] The FE techniques employed in this study were able to capture the local as well as 

global behavior of flexural members with flange holes. 

[20] The use of true strain at fracture, & 1,1 = 100%, seemed to provide a reasonably good 

prediction for the behavior of flexural member with flange holes in this study. 

8.3 Recommendation for Future Code Provision 

Based on the test results, it is proposed that the Clause 14.1 of the current CAN/CSA

S 16.01 (CSA 2003) standard be changed to; if a beam member is proportioned on the 

basis of flexural strength of the gross cross-section and if M P ~ M fnm , the effects of 

flange holes shall be ignored. Otherwise, the beam shall be designed to carry the 

modified net-section fracture moment, M fnm = 0.85 Zn Fu, where Zn is the plastic section 

modulus of the net-section and Fu is the tensile strength of flange material. 

The proposed design method has following merits over the current CAN/CSA-S16.01 

(CSA 2003) code provision: 

• The proposed method considers the impact of holes or fastener holes in a similar 

manner (a unified approach) which is analogous to the current AISC-LRFD 

(2005) code provision. However, the current CSA (2003) code provision treats the 

effects of fastener holes differently than that of open holes, in which case net

section calculation shall be used to establish flexural strengths. 
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• The proposed design method is analogous to the design procedure associated with 

an axial tension member in accordance with the current CSA (2003) standard. 

• Unlike the current CSA (2003) code, which does not consider the material 

characteristics in the design of flexural members with flange fastener holes, the 

proposed method takes into account FY IF,, ratios of steel grades. 

8.4 Recommendation for Future Work 

The following recommendations may be considered for future research involving tests 

and analysis of flexural members having flange holes (fastener holes): 

• Conduct experiments on high strength and high-performance steels having the 

yield-to-ultimate strength ratio of more than 0.85 since the increasing yield-to

ultimate strength ratio has been shown to cause a significant decrease in rotation 

capacity and premature tension fracture of solid flanges before the instability 

occurred as a result of compression flange and/or web buckling. 

• The type of loading to which the beam is subjected must be considered, although 

the current code specifications as per the AISC-LRFD (2205) and the CSA (2003) 

deal mainly with static loadings. Because, a repetitive cyclic type of loading 

generally, results in lower fatigue life causing early fracture. 

• More detailed FE based numerical study should be performed to enhance 

interpretation of test results. 
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