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ABSTRACT 

Steel structures are commonly used all over the world. Structural 

cold-formed steel sections can be used as the primary building members, as well 

as the secondary members with other structural materials. They can be used as 

joists, truss members, and studs; they can also be used as frame systems, floor 

systems and wall systems, etc. 

It is common to see openings in these plated structures for all kinds of 

reasons. For example, openings are needed for ancillary systems such as water 

pipes, plumbing, electric wiring, etc. In cold-formed steel members, openings are 

often introduced in the web of a joist. The existence of large openings can change 

the stress distribution around the opening regions, thus changing the buckling and 

strength characteristics of web panels. The extent to which the openings can affect 

the plated structures depends on the size, shape, locations and number of the 

openings in the web. In this study, parametric studies were performed on a total of 

42 simply supported plates with centrally located square openings utilizing the 

finite element modeling. The parameters of interest are the size of the opening 

(de Ih), the slenderness ratio of the plate (hit) and the aspect ratio of the plate 

(a/h). It was observed from the study that, a centrally located square opening can 
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significantly reduce the ultimate shear strength of the plate. The opening size is 

the primary parameter influencing a plate's ultimate shear strength. The ultimate 

shear strength of a plate decreases approximately linearly as the size of the 

opening increases. The ultimate shear strength also decreases as the slenderness of 

the plate increases and tends to increase as the aspect ratio increases. The aspect 

ratio is found to be the least significant parameter in the sense of affecting the 

ultimate shear strength of plates with square openings. This study also compared 

the ultimate shear strength obtained from finite element modeling with that 

calculated from the AISI (2007) method. It was shown that the AISI (2007) tends 

to underestimate the ultimate shear strength of thick to moderate thick plates with 

square openings, but overestimate the ultimate shear strength of thin plates with 

square openings. A new equation for estimating the shear reduction factor (qs ) is 

proposed based on the finite element analysis undertaken to better estimate the 

ultimate shear strength of plates with centralized square openings. 

To compensate for the reduction in strength of steel members due to large 

openings, reinforcements may be used in practice. In this research, simply 

supported steel plates with an aspect ratio of 3 (aJh=3) and having a 60% 

reinforced square opening (de Ih =0.6) under pure shear loads were analyzed 
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through the finite element modeling. Four slenderness ratios (hit), namely hlt=50, 

100, 150 and 200 were considered. Three reinforcement schemes, namely the 

flat-reinforcement, the lip-reinforcement and the angle-reinforcement, are applied 

on the plates to evaluate the effectiveness of these three reinforcement schemes. It 

was observed from the research that all three reinforcement schemes were capable 

of restoring the shear strength of plates with square openings. However, the 

flat-reinforcement is found to be the most efficient way of the three reinforcement 

schemes considered. 
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Chapter 1 

INTRODUCTION 

1.1 Steel and cold-formed steel 

Steel is utilized as a structural material in many structures including 

buildings and many other types of construction. Steel has high a strength/weight 

ratio, has high ductility, and is environmentally friendly. Compared with some 

other cornmon structural materials, for example wood and concrete, steel is 

isotropic and its stress-strain relationship is somewhat consistent and predictable. 

Because of its unique material properties and economical benefits, steel structures 

are now rapidly spreading all over the world. Figures 1.1(a), (b) and (c) show 

some of the well-known steel structures in the world, namely the Sky Dome in 

Canada, the Birds Nest in China and the Nagoya Domes in Japan, respectively. 

There are essentially two types of structural steel products: hot-rolled steel 

and cold-formed steel. Hot-rolled steel sections are formed to shape at high 

temperature, and are rolled into sections while still hot. On the other hand, cold

formed steel sections are formed to shape from thin steel sheets at ambient 

temperature. They are formed either by bending or rolling cold flat sheets of steel 

into shapes which will support more loads than the flat sheets themselves. In the 

cold-forming process, the material at the corners of sections also becomes 

stronger due to strain hardening effect. Two types of cold-formed steel products, 
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namely sections and panels,can be nonnally found in the market. Some 

commonly used cold-fanned steel sections are C-sections, Z-sections, I beam, box 

sections and others. Figure 1.2 shows some of the cold-fanned steel sections 

found in the market place. Cold-fanned steel sections are more often used as the 

primary or secondary load carrying structural members, while cold-fanned steel 

panels are usually used for wall panels, floor decks, roof decks and so on. Cold

fanned steel sections are usually thinner than hot-rolled steel sections. The depths 

of cold-fanned steel members range from 50 to 300mm (2 to 12 inches) and the 

thicknesses range from 0.90 to 6.4mm (0.035 to about 0.25 inches). Generally, 

elements (flanges and webs) of the cold-fanned steel members have higher width 

to thickness ratios. Overall, cold-fanned steel members are also lighter in weight, 

easier to carry and install, and thus more economical to mass-produce. In addition, 

the manufacturing and construction technologies for cold-fanned steel members 

have been improved recently. Cold-fanned steel can now be well corrosion 

protected, and fonn a wide variety of different shapes. 

As the demand for higher strength, lighter weight, and more versatile 

structural materials increases, cold-fanned steel structures are utilized more and 

more often in the frontier of construction. Cold-fanned steel was fIrst used as a 

structural material in the 1850's, and is now used very often not only in 

commercial buildings, but also in many residential buildings. Today, cold-fanned 

steel sections are commonly used as site-assembled frames and panels for walls, 
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roofs with high insulation performance, storage racking systems in warehouses, 

etc (Shanmugam, 1997). Using cold-formed steel in buildings is increasing 

rapidly in popularity. Figure 1.3 shows a two-storey commercial building framed 

entirely with load-bearing cold-formed steel members. Notice that cold-formed 

steel shear panels are extensively used in this bUilding. In Figure 1.4, cold-formed 

steel members are used in the roof system construction. 

Instability problems, such as lateral buckling and column buckling, are the 

major concerns in the design of hot-rolled steel structures. However, cold-formed 

sections SUbjecting to compressive, bending, shearing, or bearing loads are even 

more likely susceptible to local buckling in each individual plate member, since 

they have higher width/thickness ratios (usually ranging from 50 to 300). Thus, 

local buckling, distortional buckling and shear buckling are the common failure 

modes for cold-formed steel members. 

1.2 Openings on Steel Sections 

Structural cold-formed steel sections can be used as the primary building 

members, as well as the secondary structural members with other structural 

materials. They can be used as joists, truss members, and studs; they can be also 

used as frame systems, floor systems and wall systems, etc. It is common to see 

openings in these plated members for all kinds of reasons. For example, openings 

are needed for ancillary systems such as water pipes, plumbing, electric wiring, 
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etc. In cold-fonned steel sections, openings are often introduced in the web of a 

beam or a column. They can be fonned either during the roll fonning phase or cut 

out during the construction phase. The C-section cold-fonned steel members are 

typically produced with a standard web hole at the middle of the web. Two of the 

most common opening types in practice are either a circular or a rectangular 

opening. Figures 1.5 and 1.6 show some applications of cold-fonned steel webs 

with centrally located openings. It can be seen that the size of the openings is 

relatively large (more than 50% of the web area). The existence of such large 

openings can greatly change the geometry of the structure and degrade the 

integrity of the section. The presence of such openings can also change the stress 

distribution of the membrane stress at the opening regions, thus changing the 

buckling and the strength characteristics of the web panel, causing perfonnance 

change to the overall members. The extent to which the openings can affect the 

behavior of a steel member depends on the size, the shape, the locations and the 

number of openings in the web. It is suggested that, for hot-rolled steel sections, 

the effect of openings on a steel section shall be considered if it reduces the flange 

or web area by more than 15% (CSA S16-01, 2004). For cold-fonned steel 

sections, the effect of openings on the web panel shall be considered if the depth 

of the web hole is more than 14mm (AISI 2007). In practice, the openings can be 

more than 60% of the web area. Such holes can lead to significant reduction in the 

strength of the web. Moreover, the effect of openings on steel sections also 

depends on the way the loads are applied (e.g. compression, tension, shear etc). 
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As the loading condition differs, the impact of openings on structures differs. It 

was found by Shan et al. (1996) that web openings on compact webs could 

decrease the plastic moment capacity of a member by as much as 40%, but have 

little effect on slender webs since for slender webs, the flanges carry most of the 

bending moment. Shan's (1996) findings again reveal that cold-formed steel 

structures, which are made mainly from thin plated elements, are very versatile, 

since openings can be made on such structures without much reduction of their 

flexural strength. 

To compensate for the reduction in strength of steel members due to large 

openings, reinforcements may be used. Reinforcements may be positioned near 

the openings to regain the strength. With proper reinforcements, the section can 

recover or even increase from its original strength. However, using additional 

opening reinforcements is sometimes an expensive and difficult operation. 

Therefore, more investigation is required to ensure the efficiency of the 

reinforcement. 
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1.3 Objectives and Scopes 

The structural behavior of steel members with all different kinds of web 

openings has been investigated for many years. For example, the effect of web 

openings in column members was fIrst investigated by Miller and Pek6z (1994). 

However, very limited experimental and theoretical data were found on the 

behavior of plates with openings subjected to shear loading, especially for thin 

cold-formed steel plates. Furthermore, most of the studies from previous literature 

relating to openings in shear web elements have been concentrated on elastic 

buckling behavior, with a few on the post-buckling behavior. Thus, it is necessary 

to establish the effects of openings on steel sections in more detail. Once the 

behavior of web panels with openings is established, a cost effective 

reinforcement should be made on the web panels to compensate for the reduction 

of strength and stiffness caused by the openings. Some experimental and 

numerical studies have been conducted to establish reinforcement schemes for 

cold-formed steel webs. Pannock (2001), Ng, et al. (2005) and Acharya (2009) 

studied reinforcement schemes for cold-formed steel webs with large openings in 

the flexural zones of webs. Acharya el aI. (2007) carried out experimental studies 

on the strength of cold-formed steel members with large openings in high shear 

zones. So far, there is no numerical study on reinforced steel plates with square 

openings in shear zones. Thus, the overall objective of this research is to 

numerically (Finite Element Method) investigate the shear behavior of plates with 
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square openings and the shear behavior of such plates with shear reinforcements 

for the openings. The scopes of the research are listed as the following: 

• Establishment of the behavior of solid plates subjected to uniaxial load to 

verify the commercial finite element analysis program ADINA8.5. 

• Establishment of the behavior of solid plates subjected to shear load. 

• Establishment of the effects of square openings on the behavior of plates 

subjected to shear load. 

• Establishment and evaluation of reinforcement schemes for plates with square 

openings subjected to shear load. 

1.4 Organization of Thesis 

In this thesis, Chapter 2 reviews some of the past research related to and 

useful for later investigations. A commercial finite element analysis program 

ADINA8.5 is also introduced briefly. In Chapter 3, the finite element program 

ADINA8.5 is verified by performing a verification study on a simply supported 

thin square plate subjected to uniaxial edge compression. In Chapter 4, the 

behavior of solid plates with different plate dimensions is investigated by finite 

element modeling to better understand the behavior of web plates under pure edge 

shear loads. This can further verify the finite element analysis program. In 

Chapter 5, square openings with different dimensions are introduced to solid 

plates. The plates are again analyzed by the finite element models. The post-
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buckling behavior and the ultimate shear strength of such plates are studied. In 

Chapter 6, reinforcements are applied to plates with square openings. The effects 

of the reinforcements on the ultimate shear strength of plates with square 

openings subjected to pure shear loads are examined. A preferred reinforcing 

scheme will be proposed. Lastly, Chapter 7 is the conclusion, which sums up all 

the findings observed through this research. 
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(c) 

Figure 1.1 (a) Sky Dome in Canada (http://torontoist.com) 
(b) Birds Nest in China (http://blog.monty.de) 
(c) Nagoya Dome in Japan (http://hi.baidu.com) 

10 



Figure 1.2 Cold-Formed Steel Sections (http://www.metals-b2b.com) 

Figure 1.3 Two Story Commercial Building Framed Entirely with Load 
Bearing Cold-Formed Steel Members 
(http://www.k2engineeringinc.com) 
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Figure 1.4 Cold-Formed Steel Sections Used as Roof System 
(http://www.marinoware.com) 

Figure 1.5 Cold-Formed Steel Webs with Circular Web Openings 
(http://oikos.com) 
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Figure 1.6 Openings on the Webs of a Floor Joist System (http://www.lgst.com) 
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Chapter 2 

LITERATURE REVIEW AND INTRODUCTION TO THE FINITE 

ELEMENT ANALYSIS SOFTWARE-ADINA 

2.1 Introduction 

The primary role of the web plate in a steel section is to keep a relative 

distance between the top and the bottom flanges to provide efficient moment 

resistance and to sustain shear loads. A cold-formed steel section tends to have a 

thin web and thin flanges. The web tends to be deep, resulting in a slender web. 

Thus, the stability problem is the main issue for a cold-formed steel web plate. 

However, web buckling due to shear is essentially a local buckling phenomenon. 

Elastic shear buckling does not mean failure of the plate which may occur at 

several times the buckling load. Therefore, it is of interest to study the strength of 

cold-formed steel web panels including their post-buckling strength. 

2.2 Stress-Strain Curve for Steel 

Generally speaking, steel material can either behave as sharp yielding or 

gradual yielding. Mild-carbon hot-rolled steel usually has a sharp-yielding 

stress-strain relationship while cold-formed steel shows a gradual-yielding 

stress-strain relationship. Figures 2.1 (a) and (b) show typical stress-strain 

relationships for materials that are sharp yielding and are gradual yielding, 

respectively. In these figures, 'Fy' is the yield stress; 'E' is the modulus of 

elasticity, which is defined as the slope of the initial straight portion of the 

15 



stress-strain curve. 'F pr , is the proportional limit, which is defined as the stress up 

to which point where the slope of the stress-strain curve equals the modulus of 

elasticity (E). For materials that are sharp-yielding, the yield stress is defined as 

the stress where the yield plateau occurs. The slope of the stress-strain curve for 

sharp-yielding material equals to the modulus of elasticity (E) up to the yield 

point. For materials that are gradual-yielding, the yield point is not well defined in 

the stress-strain curve, thus the 0.2% offset method is usually used to define the 

yield stress of such materiaL The slope of the stress-strain curve gradual-yielding 

material equals to the modulus of elasticity only up to the proportional limit. After 

reaching the proportional limit, the slope of the stress-strain curve gradually 

decreases. The proportional limit is usually not lower than 70% of the yield stress. 

The AISI (2007) uses the gradual-yielding stress-strain curve for cold-formed 

steel, with the proportional limit equals to 80% of the yield stress. 

2.3 Idealization of Web Boundary for Analysis 

In plate structures, such as plate girders and steel shear walls, web transverse 

stiffeners are normally used to increase the buckling and the post-buckling 

strength of webs. As a result, steel sections are divided into panels by the 

transverse stiffeners. If the spacing and stiffness of these stiffeners are optimally 

designed, that is if they have low torsional stiffness and sufficient flexural 

stiffness, it can be assumed that they form nodal lines. Each panel can thus be 

considered to behave in a simply supported condition (Lee et aL, 1998). Moreover, 
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the other two edges of web panels are elastically restrained by the flanges. The 

real boundary condition at the edges of a web panel is something between simply 

supported and clamped. However, for a academic study, different researchers 

usually assume their own boundary conditions for the edges of the web panel. For 

example, Basler and Thurlimann (1959) had assumed that the web panels are 

simply supported. Chern and Ostapenko (1969) obtained the elastic buckling 

strength by assuming that the plate panels behave like a clamped support. Sharp 

and Clark (1971) assumed that the boundary condition lies halfway between the 

simply supported and clamped conditions (Lee et al., 1998). Lee et al. (1996) 

performed a finite element analysis on the shear buckling strength of over 300 

web panels with different boundary restrains. Lee et al. (1996, 1998) concluded 

that the realistic boundary condition for a plate girder web panel is closer to the 

clamped support condition. The AISI (2007) specification has conservatively 

assumed the boundary conditions of web panels to be simply supported. For the 

sake of simplicity and also to be conservative, the current research will follow the 

AISI (2007), s assumption by assuming the boundary condition of the web panel 

to be simply supported. 
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2.4 Shear Buckling of Solid Plates 

Timoshenko and Gere (1961) proposed the differential equations for local 

buckling of rectangular plates. Stein (1947) produced a well known diagram of 

evaluating the shear buckling coefficient (k~Olid) of flat plates, where 'k~Olid 'is a 

function of the plate aspect ratio and boundary conditions. Similar results for 

clamped plates were presented by Budiansky and Connor (1948). Lee et al. (1996) 

studied the shear buckling coefficient (k ~olid) of plate girder web panels based on 

a finite element analysis. 

In general, the simple equation, proposed by Timoshenko and Gere (1961), of 

calculating the elastic critical buckling of a flat solid plate subjected to pure shear 

is well accepted and utilized worldwide. The equation is the following: 

For plates with all edges simply supported: 

k~OIid =5.34+ 4 2 , a/h;:::1 
(a/h) 

For plates with all edges clamped: 

k solid 89 5.6 
v =.8+ 2,a/h;:::1 

(a/h) 
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where ''t'~~lid' is the critical buckling stress for solid plates, 'k~Olid, is the 

non-dimensional shear buckling coefficient, which depends on the type of applied 

load, aspect ratio and boundary conditions of the plate. 'E' and 'v' are Young's 

modulus and Poisson's ratio, respectively while 'a' is the larger dimension of a 

plate's side, with 'h' being the smaller dimension. This will make sure that 'a/h' is 

always greater than 1. 

2.5 Shear Buckling of Plates with Openings 

Uenoya and Redwood (1977) studied the critical shear stresses of simply 

supported and clamped plates with different sizes of circular holes. It was found 

that the buckling stress of plates subjected to pure shear force decreases 

continuously with increasing size of the holes (Roberts et aI., 1984). 

The equation of elastic critical buckling of a flat plate with opemngs 

subjected to pure shear can be expressed in a similar form as for the solid plate 

(Narayanan and Der-Avanessian, 1984)); 

(2.3) 

where ''t'~~ening , is the critical buckling stress for plates with openings, 'k~pening , is 

the non-dimensional shear-buckling coefficient modified according to the effects 
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of the openings, 'h' is the width of the plate and 't' is the thickness of the plate, 

respectively. 'E' and 'v' are Young's modulus and Poisson's ratio, respectively. 

The expressions for 'k~pening, were proposed by Narayanan and Der-Avanessian 

(1984) for centralized circular and rectangular openings as the following: 

For plates with circular openings: 

kopening = k SOlid(l_ U de J 
v v e ~ 2 2 

h +de 

(2.4.1) 

k opening = k solid (1 -~J 
v v h (2.4.2) 

where' de' is the diameter of the circular opening. ue = 1.8 for simply supported 

edges and 1.5 for clamped edges. 
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For plates with rectangular openings: 

(2.5.1) 

when de Ih >0.5 and be Ih >0.5 

k ~poo'" = k~olid ( 1 - ; ) ,or k :'''''' = k ~lid ( 1 - ; ). whichever governs. (2.5.2) 

where' de' is the width of the rectangular opening and' be' is the length of the 

opening, respectively. A opening = area of the opening=debe and A= area of the 

plate= h·a. Meanwhile, el r = 1.5 for simply supported edges and 1.25 for clamped 

edges. 

2.6 Post-Buckling Strength of Plate Elements and the Tension Field Theory 

Unlike one-dimensional structural members such as columns, 

two-dimensional elements such as plated elements, when subjected to in-plane 

loading, do not collapse immediately after reaching the buckling load. Depending 

upon geometry and boundary conditions, web plates are capable of carrying 

additional loads in excess of the buckling loads and remain stable in the buckled 

form. This additional load capacity is considered as the post-buckling strength. 

The post-buckling strength is the reserve capacity caused by the development of 
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membrane stresses which are in turn caused by stretching of the mid-plane of the 

plates and stress redistribution within the plate. The stretching of the mid-plane 

results in a tension field within the plate as the plate deforms. 

Diagonal tension field theory was first proposed for thin plates under shear 

loading by Wagner (1931) who found that a diagonal tension field formed during 

the buckling of a plate girder. He stated that after shear-buckling was achieved, 

the web panel acts more like a truss system, in which the diagonal tension field 

acts like a tension element anchored to the stiffeners. The ultimate shear capacity 

of a plate girder is assumed to consist of two contributions, which are the shear 

capacity of the web due to beam action and the shear resistance resulting from the 

formation of the diagonal tension field of the web after shear buckling occurs. 

The magnitude of the post-buckling strength largely depends on the 

anchoring of the tension field, which depends on the bounding elements of the 

plate panel. In theory, the post-buckling strength reaches its maximum value w:hen 

the perimeter of the plate is extremely stiff. For a plate girder, the bounding 

elements are the flanges and the transverse stiffeners. 

Even though the post-buckling behavior was discovered as early as 1886 by 

Wilson, elastic buckling was used as a design basis for shear webs of plate girders 

almost exclusively until the 1960s. This was mostly because the equations for 

calculating the elastic shear buckling strength of web plates are relatively simple 
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and had been well known for years, whereas a simple and comprehensive 

procedure to calculate the post-buckling strength of plated elements had not yet 

been developed. Studies on the post-buckling behavior of shear web plates for 

civil engineering purposes were initiated by Basler and Thurlimann (1959). Basler 

(1961) fIrst developed the analytical method of calculating the post-buckling 

strength of plates under shear loads. The American Institute of Steel Construction 

(ArSC, 1963) fIrst adopted post-buckling strength into its specifIcations based on 

Basler's theories. Porter et al. (1975) further studied the post-buckling behavior of 

plate girders subjected to shear loads. Porter et al. (1975) proposed the Cardiff 

method to calculate the post-buckling strength of plate girders based on the 

tension fIeld theory. 

Lee et al. (1996), Lee et al. (1998) and Olaru et al. (2004) studied the shear 

strength, including the post-buckling strength, of plate girders based on a finite 

element analysis. Later, Alinia and Dastfan (2006) studied the shear strength, 

including the post-buckling strength, of shear walls, again based on finite element 

analysis. 

23 



2.7 Strength of Webs with Openings 

The first paper on the strength of thin webs with web openings was written 

by Hoglund (1971). In Hoglund's research, thin plate girders, with slenderness 

ratios of 200 to 300, with circular and rectangular holes were statically loaded. 

Hoglund (1971) concluded, based on experimental observations, that the girders 

with holes located in high shear zones failed at significantly lower loads than 

those located in high moment zones. This observation had indicated the relative 

importance of shear failure criteria in the design of web plates with openings. 

Shan et al. (1996) later found that the existence of web openings can greatly 

decrease the shear strength of a cold-formed steel web plate. Davis and Yu (1973) 

studied the effect of openings on cold-formed steel back-to-back channel sections 

with specific dimensions. They proposed an expression for the shear reduction 

factor, which accounts for the reduction in shear strength of web panels caused by 

existence of web openings, for web panels containing centrally located circular 

holes. They again concluded that a circular web opening would reduce the shear 

strength of the web plates. 

Experimental and theoretical studies on the buckling and collapse behavior of 

square shear webs having circular holes were also carried out by Rockey et al. 

(1967), Coughlan (1970), Rockey (1980), and Sabir and Chow (1983). The finite 

element method was first employed by Rockey et al. (1967) to examine the 
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buckling of a square plate having a centrally located circular hole when subjected 

to edge shear loading. The relationship between the buckling load and the ratio of 

the opening diameter to the plate width was obtained for web plates that are either 

simply supported or clamped on four sides. Similar studies on webs containing 

square holes were reported by Shanmugam and Narayanan (1982). A systematic 

study of plate girders made with thin webs has been carried out experimentally 

and theoretically by Narayanan and Rockey (1981). They proposed a theoretical 

method of computing the ultimate shear capacity of flat plates containing centrally 

located circular or rectangular openings. Narayanan and Rockey (1981) concluded 

that the ultimate capacity of girders dropped linearly with an increase in the 

diameter of the opening. Narayanan and Chow (1985) further studied the shear 

buckling strength and shear ultimate strength of plates with eccentrically located 

square and circular holes. Some recent research on the shear capacity of steel plate 

girders with web openings was carried out by Pellegrino et al. (2008) and then by 

Hagen et al. (2009) using finite element modeling. Pellegrino et al. (2008) studied 

the post-buckling behavior of plates with single openings subjected to shear loads 

while Hagen et al. (2009) carried out a series of finite element modeling to study 

the ultimate shear capacity of steel girders with multi-web openings. 
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2.8 Strength of Webs with Reinforced Openings 

The strength of hot-rolled steel webs with reinforced openings has been 

studied by Segner (1964), Congdon (1968), Copper et al. (1972), Wang et al. 

(1975), Larson et al. (1976), Redwood and Lupien (1978), Redwood and 

Shrivastava (1980), Narayanan and Der-Avanessian (1984, 1985), etc. In terms of 

cold-formed steel webs, Pennock (2001) carried out experimental studies on 

cold-formed steel joists with reinforced and unreinforced web openings subjected 

to bending and the combined effect of bending and shear. Ng (2004) carried out 

experimental studies on the flexural resistance of cold-formed steel webs with 

reinforced openings. Most recently, Acharya (2009) performed both an 

experimental study and undertook a finite element analysis on reinforcement 

schemes for cold-formed steel joists having large web openings in flexural zones. 

Very little research can be found for shear reinforcements on cold-formed 

steel webs. Acharya (2009) performed experimental study on reinforcement 

schemes for cold-formed steel joists having large web openings in high shear 

zones. More details about research on shear reinforcements are presented in 

Section 6.2. 
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2.9 The Finite Element Analysis Software - ADINA 

This research has exclusively used the finite element method for analysis. The 

commercial finite element analysis computer program ADINA8.5 was used. This 

section provides only some relevant theoretical background and solution 

techniques for the finite element method. 

2.9.1 Introduction of ADINA Program 

ADINA (Automatic Dynamic Incremental Nonlinear Analysis) is a 

multi-purpose commercial finite element analysis computer program. It can be 

used in structural, fluid and thermal analysis. The complete ADINA package 

includes the pre-processor ADINA-IN, the structural analysis module ADINA 

Structure, the heat transfer analysis module ADINA-T, the fluid flow analysis 

module ADINA-F, the post-processor ADINA-PLOT, etc. The structural analysis 

module ADINA Structure was used in the current research. 

2.9.2 Method of Analysis 

ADINA structure is used for displacement and stress analysis. It consists of a 

wide variety of analysis options such as linear and non-linear static analysis, 

linear and non-linear dynamic analysis, the eigenvalue problem, and frequency 

domain analysis, etc. The eigenvalue problem consists of the linearized-buckling 

analysis and the frequency analysis for which the solution is obtained by solving 

the corresponding generalized eigenvalue problem. In the current research, the 
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linearized buckling analysis was use to determine the critical buckling load for 

both plates under compression and shear loading. Moreover, since the steel plate 

under consideration undergoes large displacements and also exhibits material 

non-linearity, the nonlinear static analysis was used to determine the ultimate 

strength for both the plate under compression and shear. The analysis method for 

each model is explained in more detail in the following chapters. 

2.9.3 Shell Elements 

ADINA provides a large element library which consists of different classes 

of elements to conform to various requirements for geometry modeling. 

Specifically, ADINA provides 11 different classes of elements, namely, the truss 

and cable elements, two-dimensional solid elements, three-dimensional solid 

elements, beam elements, iso-beam elements and axisymmetric shell elements, 

plate/shell elements, shell elements, pipe elements, general and 

spring/damper/mass elements, displacement-based fluid elements and lastly the 

potential-based fluid elements. Since the model under consideration of this 

research is a plate having large displacements, and is expected to experience both 

in-plane and out-of-plane displacements, shell elements were used. The shell 

element is a 4-node to 32-node (degenerate) isoparametric element that can be 

employed to model thick and thin general shell structures. It is formulated treating 

the shell as a three dimensional continuum with the assumptions used in the 

Timoshenko beam theory and the MindlinlReissner plate theory. The ADINA 
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2008 modeling guide suggests that the 4-node element is usually the most 

effective element for analysis of general shell structures, since it does not lock and 

has a high predictive capacity. 

Shell elements can be used with different material models such as the 

elastic-isotropic, elastic-orthotropic, plastic-bilinear, plastic-multilinear , 

plastic-orthotropic, thermo-isotropic, thermo-orthotropic, thermo-plastic, creep, 

plastic-creep, multilinear-plastic-creep, creep-variable, plastic-creep-variable, 

multilinear-plastic-creep-variable and viscoelastic. In this research, the 

plastic-multilinear material model is used to represent the material property for 

cold-formed steel. Shell elements can also be used with a small 

displacement/small strain, large displacement/small strain, large 

displacementllarge strain formulation. Problems involved in this research are large 

displacement/small strain problems. Furthermore, either 5 or 6 degrees of freedom 

can be assigned at a mid-surface node for a shell element. This research allows 6 

degrees of freedom for the mid-surface node of plates. 

Numerical integration is used to evaluate the element matrices. Gauss 

numerical integration is used inplanely in the shell element. Either Gauss or 

Newton-Cotes numerical integration can be used through the shell thickness. 

Usually, 2-point Gauss or 3-point Newton-Cotes integration is appropriate for an 
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elastic material, but a higher integration order may be more effective for an 

elastic-plastic material modeL 

In the current study, as suggested above, the quadrilateral four-node shell 

elements for the non-linear analysis, which are capable to represent both plate and 

curved surface, were used. Each node of the shell element has six degrees of 

freedoms, namely three displacements and three rotations. This four-node element 

is capable to simulate both the membrane behavior and the flexural behavior of 

plates. The default 2 by 2 integration point arrangement for the 4-node element is 

used in the r-s element mid-plane. In the 't' direction (through-thickness of the 

shell element), the Newton-Cotes rule for integration points is preferred rather 

than the default Gauss quadrature rule because, instead of having integration 

points only within the thickness of plates, the Newton-Cotes rule also has the 

integration points lying at both the top and bottom surfaces. This allows one to 

capture the gradually yielding response of the plate starting from the boundaries. 

Further more, ADINA's default integration point number for Newton-Cotes rule 

is 3. In order to improve the accuracy of the model, an integration of 7 through the 

thickness is used for the later analysis. Figure 2.2 shows a 4-node shell element 

with a 2 by 2 integration point in the r and s directions. Figure 2.3 shows both the 

Gauss quadrature integration points and the Newton-Cotes integration points 

through the plate thickness (t-direction). 
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The large displacement/small strain formulation was used in this study 

because the buckling behavior of a plate involves large out-of-plane displacement, 

and the steel is considered as relatively incompressible material; thus, the strains 

are assumed to be small (ADINA, 2008). 
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Figure 2.2 4-nodes Shell Element with Nodal Points at Middle Surlace 
(ADINA, 2008) 
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Chapter 3 

BEHAVIOR OF SQUARE PLATES UNDER UNIAXIAL COMPESSION 

3.1 Introduction 

In this chapter, a simply supported steel plate under uniaxial compressive 

loads will be analyzed using the commercial finite element software package 

ADINA8.5. Nonlinear types of behavior, including buckling, post-buckling and 

the ultimate strength of plates will be investigated. The purpose of this chapter is 

to compare the results obtained from the finite element study with those obtained 

from previous literature, thus to verify the accuracy and efficiency of the proposed 

finite element modeL 

The first part of this chapter presents the theoretical equations of calculating 

the critical buckling stress, the limiting width to thickness ratio (hit) for yielding 

before buckling and the ultimate compressive strength of a simply supported plate 

under uniaxial compression. In the second part, a finite element model suitable of 

modeling a simply supported plate under uni-axial compression is proposed. In 

the third part, a convergence study is carried out to determine the appropriate 

finite element mesh density for the verification study. Lastly, the verification 

study is performed on a steel plate subjected to uni-axial compression using 

ADINA8.5. The critical buckling strengths and the ultimate compressive strengths 

obtained from the finite element modeling will be compared with those obtained 
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from the literature described in Section 3.2. Since the purpose of this chapter is to 

verify the proposed finite element model and the finite element analysis program 

(ADINA8.5), for simplicity, the proposed models can be assumed be to flat with 

minimal imperfections to invoke the buckling behavior. The effect of residual 

stresses will also be ignored. All results and observations are presented in the 

following sections. It was shown that the proposed finite element model is able to 

predict the behavior of a simply supported plate under uniaxial compression 

consistently and accurately within reasonable errors. 

3.2 Background Information of Plates Subjected to Uniaxial Compression 

Figure 3.1 shows a plate subjected to in-plane compression. When a plate is 

subjected to opposite in-plane edge compressions in its mid-plane, as the edge 

compressions increase, the loaded edges shorten uniformly. However, when the 

compression reaches a certain critical value, the plate will undergo out-of-plane 

deflections, and become unstable at that load level. When edge loads reach this 

critical level, the energy of an edge compressed perfectly flat plate is equal to the 

energy stored in the same plate when it is in a slightly bent condition. This critical 

value of the edge compression is called the critical buckling load of the plate. As 

shown in Figure 3.1, if a rectangular plate with length 'a', width 'h' and thickness 

't' is compressed by equal and opposite uni-axal in-plane loads along the width 

'h', the theoretical critical buckling stress of such a plate can be formulated as the 

following (Timeshenko and Gere, 1961): 
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(3.1) 

Where 'cr cr' is the critical buckling stress, 'k' is known as the plate-buckling 

coefficient, which depends on the type of applied stress, the 'a!h' ratio and the 

boundary conditions of the plate. 'E' and 'v' are the Young's modulus and the 

Poisson's ratio, respectively. For a simply supported plate under opposite edge 

compression, k=~ + ~2 + 2, where '~' is the buckling model number. Therefore, 
~ 

for a simply supported square plate under opposite edge compression, the 

buckling coefficient (k) for the fIrst mode of buckling (<j>= 1) has the value of 4. 

From Equation 3.1, it can be seen that for a plate with given material properties, 

specific loading and boundary conditions, the critical buckling stress strongly 

depends on slenderness ratio (hit) of the plate. As hit decreases, 'crcr ' can be as 

high as the yield stress (Fy), or even higher. The critical buckling stress 'cr cr' is 

called the elastic buckling stress provided that the plate buckles within its elastic 

range, that is when 'cr cr ' is less than the yield stress of the plate 'Fy '. The limiting 

hit value occurs when cr cr is equal to Fy . Thus, when substituting Fy into 

Equation 3.1, the limiting hit ratio is: 

(3.2) 
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Therefore, when the 'hit' ratio is below the limit value given by Equation 3.2, 

a plate will yield fIrst before it buckles. Since cold-formed steel plates are 

generally very thin (that means they have high 'hit' values), they are usually 

subjected to elastic buckling behavior. However, unlike columns, plates exhibit 

post-buckling strength after they reach their elastic buckling load. The post

buckling strength allows a plate to carry higher loads than the critical buckling 

load O'er' and remain stable in the buckled form. The post-buckling strength is 

caused by stretching of the mid-plane of plates and stress redistribution. Therefore, 

the ultimate strength of a plate is usually larger than its critical buckling strength. 

The North American Specification (AISI, 2007) provides equations to calculate 

the ultimate compressive strength of plated elements with different boundaries 

and loading conditions based on the 'effective width concept'. For plate elements 

with uniformly compressed loading condition, the average ultimate compressive 

strength can be found as follows: 

O'average = Pn / A (3.3) 

(3.4) 

(3.5) 

where' Pn ' is the nominal axial resistance of the compressed member and 'A' is 

the area of the loaded edges. 'Fn 'and 'b eff ' are defIned as below: 
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AISI (2007)-B2.1 Effective Width of Uniformly Compressed Stiffened 

Elements 

(Note: some symbols have been changed in order to be consistent with the 

symbols used in this research) 

The effective width, b eff ' shall be determined from the following equations: 

b eff =h When ",::;;0.673, (3.6) 

b eff =p . h When ",>0.673 (3.7) 

where 

h= Flat width of plate element 

b eff = Effective design width of compression elements 

p=Reduction factor 

= (1-0.22/",) fA::;; 1 (3.8) 

'" is a slenderness factor determined as follows: 

(3.9) 

(3.10) 

where 

t= Thickness of the uniformly compressive stiffened elements 

E=modulus of Elasticity (203000MPa) 

v =Poisson's ratio of steel (0.3) 
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k= Plate buckling coefficient (k=4 for stiffened elements supported by a web on 

each longitudinal edge) 

f=Calculated stress in an element = Fn (for axially compressive loaded members) 

For concentrally loaded compression members, Fn is determined as follows if the 

member is not fully braced against lateral buckling: 

AISI (2007)-C4 Concentrically Loaded Compression Members 

(Note: some symbols have been changed in order to be consistent with the 

symbols used in this research) 

This section applies to members in which the resultant of all loads acting on 

the member is an axial load passing through the centroid of the effective section 

calculated at the stress, Pn , defined in this section. 

The nominal axial strength [compressive resistance], Pn , shall be calculated as 

follows: 

For Ac :::; 1.5 (3.11) 

F = (0.877).F 
n A,2 Y 

c 

(3.12) 

Where 

(3.13) 
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Fe = The least of the elastic flexural, torsional and torsional-flexural buckling 

stress determined according to Sections C4.l through C4.4. 

In the current study, since the plate is assumed to be fully braced against 

lateral torsional buckling, Fn = Fy . 

3.3 Finite Element Model for Plates under Compressive Loads 

In this section, a general finite element analysis model for analyzing the post

buckling behavior of a simply supported rectangular plate is proposed. Based on a 

study carried out by Pellegrino et al. (2008), the deformed shape and the buckling 

coefficient are not sensitive to the shape of the mesh element. Thus, quadrilateral 

four-node shell elements are used for this study. The four-node element is capable 

of representing both flat plate surface and curved shell surface. Each node of the 

shell element has six degrees of freedom, namely three displacements and three 

rotations. The details of shell elements were presented in Chapter 2. The idealized 

elastic-perfectly-plastic stress-strain relationship for steel is used for this 

verification study. The model ignores the effect from geometrical initial 

imperfections and the effects of residual stress for simplicity. 
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3.3.1 Loading and the Boundary Conditions 

Figure 3.1 shows the dimensions and the loading conditions of plates needed 

to be studied. A simply supported rectangular plate, with length 'a', width 'h' and 

thickness 't', is subjected to equal and opposite uniaxial in-plane compressions 

acting along the width 'h' of the plate. The x-y plane is at the middle plane of the 

plate. The z-plane is perpendicular to the plate and is zero at the geometric center 

of the plate. The plate is geometrically symmetrical about the x-axis and the y

axis and is subjected to symmetrical loading conditions. The plate thus behaves 

symmetrically about both the x and y axes, and are expected to buckle in a 

symmetrical shape. In theory, only a quarter plate is necessary to be modeled. 

However, in order to be consistent with the later finite element models for phites 

under shear loads, a full plate will be analyzed in this verification study. 

Figure 3.2 shows the loading details and the boundary conditions for the 

finite element model of such plates. In Figure 3.2, 'U 1 " 'U 2' and 'U 3 ' are the 

displacements in the x, y and z directions, respectively, while' 81 " '82 ' and '83 ' 

are the rotations about the x, y, and z directions, respectively. 'LI', 'L2', 'L3' and 

'L4' are the four edges of the plate. 'LS' and 'L6' are the symmetrical lines of the 

plate about x and y directions, respectively. 'LI', 'L2', 'L3' and 'L4' are fixed in 

the movement in the z-direction and the rotation about the z-direction. In addition, 

'LI' and 'L3' are constrained so that all points along 'LI' or 'L3' have the same 

displacement in the x-direction. In other words, the two loaded edges ('LI' and 
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'L3') acting as two rigid edges. Moreover, the y-direction displacement and the x

direction rotation are fixed along 'LS'; the x-direction displacement and the y

direction rotation are fixed along 'L6'. 

The compression applied on the edges of plates can either be a uniform 

incremental compressive stress or a uniform incremental compressive 

displacement. Since a uniform incremental compressive displacement is more 

analogous to the loading condition in a laboratory test, a uniform incremental 

compressive displacement strategy is used in this study. As indicated in Figure 3.2, 

concentrated loads are applied at the middle of the two loaded edges. Since the 

two loaded edges ('LI' and 'L3' in Figure 3.2) are constrained so that all points 

on the two loaded edges displace the same amount in the x -direction, a uniform 

incremental compressive displacement condition can be achieved in this finite 

element model. 

3.3.2 Method of Analysis 

The analysis under consideration is a non-linear static analysis. The non

linearity is caused by both the material property and the large displacement 

behavior of the plate. The essence of the nonlinear static analysis in a finite 

element model is to solve the equilibrium equation along both the loading and 

unloading paths. One way to achieve this in ADINA8.S is to use the automatic 

step incrementation, which includes the automatic-time-stepping (ATS) method 
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and the load-displacement-control (LDC) method. The ATS method is a load

controlled loading method. A prescribed load and time steps are required to be 

specified by the user. If no convergence can be obtained through the user-defined 

load steps, ADINA8.5 will automatically subdivide the time steps until the 

convergence is achieved. On the other hand, the LDC method, also called the "arc 

length" method, is a displacement controlled loading mechanism. It allows users 

to control the displacement of a control point, and track the nonlinear equilibrium 

path until collapse. Both these methods are capable of modeling the buckling and 

post-buckling behavior of plates. However, in this particular modeling, it was 

found that the LDC method takes more computational effort in the post

processing step when trying to collect data at each time step. Thus, the ATS will 

be adopted to carry out the finite element analysis for all models in this research. 

The time steps are specified so that there are at least 100 load steps during each 

loading process to insure sufficient data points can be obtained to obtain a 

reasonably accurate load-displacement diagram. The ADINA8.5's default 10-

maximum-subdivision within each step is used. 
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3.3.3 Material Model 

In order to process the analysis, a proper yielding criterion needs to be 

selected. Since cold-formed steel is a ductile and isotropic material, which will 

start to yield after it reaches a certain load level, the von Mises yield criterion is 

applicable in this case. The von Mises yield criterion suggests that yielding of a 

material occurs when its second deviatoric stress invariant reaches a critical value. 

Furthermore, this criterion can also be introduced in terms of the equivalent 

tensile stress, which allows one to predict yielding of a material under a multi

axial loading condition from the results of simple coupon tensile tests. 

As mentioned before, the elastic-perfectly-plastic stress-strain relationship is 

used in this chapter for the purpose of verifying the finite element model and the 

computer program ADINA8.5. Figure 3.3 shows the elastic-perfectly-plastic 

stress-strain relationship used in this chapter. 

3.3.4 Initial Geometric Imperfections 

Initial geometric imperfections are the out-of-flatness of plated elements in 

its unloaded condition (Williams, 1979). Cold-formed steel members are 

susceptible to initial imperfections, which are inevitable routine by-products of 

plate rolling, fabrication, transportation, etc. Also, in a finite element model, the 

buckling response analysis cannot be made on a perfectly flat plate. It is necessary 

to impose some form of disturbance on a perfectly flat plate to evoke the buckling 
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behavior. This disturbance can be either load or geometrical disturbance. In order 

to conform to the real situation, the geometrical disturbance, namely initial 

geometric imperfection, was imposed on the finite element models in this research. 

Moreover, Williams (1979) has shown that in most cases, the deflections and 

stresses of plate due to external load will be greatest if the form of the initial 

imperfection is similar to that of the critical buckling mode shape. Thus, the 

distribution of initial imperfection of a plate is assumed to be consistent with its 

predicted buckling shape. For a simply supported plate under uni-axial 

compression, the buckling shape consists of a half wave in the transverse direction 

and a series of half waves in the longitudinal direction. Therefore, a double sine 

function is used to represent the distribution of the geometric imperfection in a 

plated element: 

w=wo · Sin(1t
x

).Sin(1tl.) 
h h 

(3.11) 

where ow' is the imperfection distribution, 'w 0' is the value of the maximum 

imperfection point. 'a' is the length of the plate, and 'h' is the width of the plate. 

One should note that Equation 3.11 represents only the first fundamental buckling 

mode shape. Figure 3.4 schematically shows the geometrical imperfection 

distribution of a plate in both transverse and longitudinal directions for plates with 

a=2h. 
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The purpose of this chapter is to analyze a flat plate. In theory, there is no 

imperfection on such a plate. However, as mentioned before, in a finite element 

model, it is necessary to impose some form of disturbance on a perfectly flat plate 

to evoke the buckling behavior of the plate. Thus, a very small initial imperfection 

will be imposed on the model just to initiate the buckling behavior of the plate, 

and the shape of the imperfection will be the same as the fundamental elastic 

buckling mode shape expressed in Equation 3.11. 

3.4 Convergence Study 

The principle of a finite element method is to analyze a continuous object by 

discretizing it into pieces of inter-connected elements. The plate needs to be 

divided into a sufficient number of elements to allow for the development of an 

accurate buckling mode and displacement. Thus, as the number of elements 

increases, the results are closer to the real solution. However, a finely meshed 

finite element model requires more computational effort, especially when dealing 

with non-linear problems. In order to build an accurate and effective finite 

element model, a proper mesh density should be used. In this section, a 

convergence study is carried out to select a suitable mesh density for the future 

verification study. The critical buckling loads obtained in this section are obtained 

through the linearized-buckling analysis introduced in Chapter 2.9.2 and the 

ultimate strengths are obtained from the ADINA static analysis with the ATS 

method. 
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As shown in Figure 3.1, a four edged simply supported square plate with 

a=h=500mm is considered. The thickness of the plate is t=5mm. Thus, the width 

to thickness ratio (hit) is calculated to be 100. The plate is under uniaxial 

compression along two opposite edges of the plate. As explained before, a full 

plate is analyzed in order to be consistent with the finite element models for plates 

subjected to shear loads in the later chapters. The plate is assumed to be elastic-

perfectly-plastic with Fy =350MPa and v =0.3. The effect of the residual stress is 

ignored. A small geometrical initial imperfection ( w 0 = 0.001) is imposed to 
h 

initiate the buckling action of the plate. The analysis includes 5 identical models 

with only changing the mesh configurations. Model numbers 1 to 5 will have 

mesh configurations of 6x6, 10xlO, 16x16, 20x20 and 30x30, respectively. Thus 

models 1 to 5 have an increasing number of total mesh elements. The buckling 

loads and the ultimate shear strengths of the models are presented in the Table 3.1. 

The percentage changes in the buckling load and the ultimate strength of each 

model will be compared. 

In Table 3.1, the first column from the left indicates the mesh configurations 

for the 5 plate models. The second column indicates the total number of elements 

in each of the 5 plates. The third and the fifth columns list the buckling strength 

and the ultimate compressive strength of the 5 plates, respectively. The fourth 

column calculated the percent differences in the buckling strength between two 
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adjacent mesh configurations. The sixth column shown the percent differences in 

the ultimate compressive strength between two adjacent plates. It is evident from 

Table 3.1 that as the mesh becomes finer (increasing total number of elements), 

the percentage differences in both the buckling loads and ultimate strengths 

between two adjacent plates become smaller. As suggested by Thangavadivel 

(2003), the percentage difference of around 5% for both the buckling and ultimate 

load is generally acceptable for analysis purpose. Therefore, from Table 3.1, it is 

shown that a mesh configuration of lOx 10, 16x16, 20x20, and 30x30 are all 

qualified. However, since the later verification analysis will include plates with 

changing plate thicknesses, in order to be more conservative, the 20x20 mesh 

configuration with 400 elements in total was chosen for the following verification 

analysis problems. 

3.5 Verification Study on Simply Supported Plate under Uniaxial 

Compression 

The previous section has selected the desired mesh configuration for a square 

plate with a=h=500mm as 20x20. In this section, the selected mesh configuration 

will be used to analyze a series of plate models with different width to thickness 

(hit) ratios. The results will then be compared with some theoretical values 

calculated in Section 3.2. 
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A simply supported square plate (a=h=500mm) is subjected to uniaxial 

compression along two opposite edges. Five identical plate models with varying 

thicknesses will be studied in this verification study. The hit ratios of the five 

plates are 20, 50, 100, 150 and 200 respectively. The plate is assumed to be 

elastic-perfectly-plastic with Fy =350MPa, E=200000MPa and v=0.3. A very 

small initial geometric imperfection with wo = 0.001 is imposed in order to 
h 

initiate the buckling action of the plate in the finite element model. 

3.5.1 Comparison of Critical Buckling Load 

The buckling loads are obtained from ADINA8.5 by performing linearized 

buckling analysis. In linearized buckling analysis, critical buckling stress is 

calculated by solving the corresponding generalized eigenvalue problem. Figure 

3.5 shows that the square plate buckled in model one when subjected to uniaxial 

compression. The predicted critical buckling stress will then be compared with the 

critical buckling stress calculated using Equation 3.1. The comparison between 

the results obtained from the proposed finite element model and those obtained 

from Equation 3.1 are presented in Table 3.2. As shown in Table 3.2, the critical 

buckling stress obtained from the finite element model is in good agreement with 

the values calculated from Equation 3.1. The maximum percent difference 

between the critical stress obtained from the finite element method and Equation 

3.1 is 2.28%, which is within an acceptable variation range. For hit equals 20, the 
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calculated critical buckling stress is actually higher than the yielding stress 

(Fy =350 MPa), which means that the plate will yield first before buckling takes 

place. One should also note that for hlt=20, the critical buckling load obtained 

from solving the eigenvalue problem is also higher that the ultimate strength of 

the plate. In reality, this means such a plate will not buckle until it reaches its 

ultimate compressive capacity. 

3.5.2 General Behavior of Plates 

Figure 3.6 to Figure 3.10 show the relationship between the applied average 

compressive stresses versus the out-of-plane deflection at the middle of the plate 

for plates with different slenderness ratios (hit). The average compressive stresses 

are obtained by dividing the total load applied along each edge of the plate by the 

width (h) and the thickness (t) of the plate. It can be seen from these figures that 

for thick plates, for example plates with hlt=20 and 50, no post-buckling strength 

exists. As the plates become thinner, more post-buckling strength exists. 

Figure 3.11 shows the contours of the z-displacement of plates at failure with 

hlt= 20,50, 100, 150 and 200. Figure 3.12 shows the material plasticity condition 

of plates at failure with hlt= 20, 50, 100, 150 and 200, where the red zones 

indicate a plastic condition of material and the purple zones indicate an elastic 

condition of material. It can be seen that as the plate becomes thicker, more 
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material in the plate becomes plastic. For example, when hlt=20, almost the whole 

plate becomes plastic, such a plate fails due to complete yielding. 

3.5.3 Comparison of Ultimate Compressive Strength 

Table 3.3 and Figures 3.13 show the comparison results between the ultimate 

strengths of plates obtained from the finite element method and those calculated 

following the AISI (2007) equations. It can be seen that the ultimate strengths 

obtained from finite element modeling are very similar to those obtained from the 

AISI (2007) method for relative thicker plates; but are slightly higher than those 

calculated from the AISI (2007) for thinner plates. The maximum difference 

between the results obtained from the two methods is about 14%, which occurs 

when hlt=200 (the thinnest plate). The AISI (2007) may have underestimated the 

post-buckling strength of plates. As stated in Chapter 2, post-buckling strength 

becomes more dominant as a plate becomes thinner. Thus, the ultimate 

compressive strength calculated from the AISI (2007) method may be 

underestimated more for thin plates. Moreover, specifications tend to stay on a 

more conservative side for safety considerations. Thus, it is expected that the 

finite element method will give a little higher ultimate compressive strength 

compared to the ultimate compressive strength obtained from the AISI (2007). 
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3.6 Conclusion 

In conclusion, the finite element model developed in this section has well 

simulated the buckling and post-buckling behavior of a simply supported square 

plate under uniaxial loads along its two opposite edges. Through the verification 

study, it can be seen that the finite element model can predict the buckling load 

and the ultimate strength of the plate with reasonable accuracy. 
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Table 3.1 Buckling and Ultimate Strengths of Plates with Different Mesh 
Configurations 

Buckling Load (MPa) Ultimate Load (MPa) 
Mesh Total Number 

%Diff. %Diff. 
Configuration of Elements O'er(MPa) O'uI (MPa) 

6x6 36 75.38 165.80 
2.56 5.20 

lOx 10 100 73.98 157.60 
1.04 2.60 

16x16 256 73.50 153.61 
0.38 1.33 

20x20 400 73.22 151.60 
0.18 0.53 

30x30 900 73.09 150.80 

Table 3.2 Buckling Strengths of Plate Models with Different bit Values 

bit 
O'er(FEM) O'er (E3.1) 

%Diff. 
MPa MPa 

20 1848.80 1807.60 2.28 
50 289.46 289.22 0.08 

100 73.22 72.31 1.26 
150 32.24 32.14 0.31 
200 18.14 18.08 0.33 

Table 3.3 Ultimate Strength of Plate Models with Different bit Values 

bit 
O'ul(FEM) O'uI (AISI,2007) 

MPa MPa %Diff. 
20 349.77 349.69 0.02 
50 262.56 254.39 3.21 

100 151.60 143.10 5.94 
150 107.35 98.94 8.50 
200 85.95 75.53 13.80 
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Fy =350MPa 

Strain 

Figure 3.3 Elastic-Perfect-Plastic Stress-Strain Curve 

a=2h 

Figure 3.4 Geometrical Imperfection Distribution for Plates with a=2h. 
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Chapter 4 

SHEAR BERA VIOR OF SOLID PLATES 

4.1 Introduction 

As introduced in Chapter l, steel structural members may fail in shear, 

especially around the supporting area, where beams or girders are subjected to 

high shear force. This chapter will concentrate on the ultimate shear strength of 

solid plate webs having various dimensions. 

In Chapter 4, simply supported steel plates under pure shear loads will be 

analyzed using the commercial finite element software package ADINA8.5. The 

nonlinear behavior, including buckling, post-buckling and the ultimate strength of 

the plate will be investigated through the use of finite element models. The 

purpose of this chapter is to study the ultimate shear strength of plates with 

various dimensions. The ultimate shear strengths obtained from the finite element 

analysis will be compared with those obtained from the current North American 

Specification for the Design of Cold-formed Steel Structural Members (AISI, 

2007). The AISI (2007) code equations will then be proposed to be modified 

based on the finite element results. 
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The fIrst part of this chapter presents the theoretical methods of calculating 

the shear critical buckling stress, the limiting width to thickness ratio (hit) for 

yielding before buckling of plates subjected to pure shear loads and the ultimate 

shear strength of solid web plates. In the second part, a finite element model 

suitable for modeling a web plate subjected to shear loads is proposed. In the third 

part, a convergence study is carried out to decide how many mesh elements 

should be used for future analysis. In the fourth part, an imperfection sensitivity 

study is carried out to further study the effects of the initial geometrical 

imperfection on the ultimate shear capacity of plates. In the fifth part, parametric 

studies are performed on plates under shear loads using the proposed fInite 

element models. The post-buckling behavior of such plates will be studied. The 

ultimate shear strengths obtained from the finite element analysis will be 

compared with those calculated from the AISI (2007) code method. The equations 

of calculating the shear capacity of plates under shear loads in the AISI (2007) 

will then be modified based on the results obtained from the finite element 

analysis. The detailed results and observations are presented in the following 

sections. 
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4.2 Background Information of Plates Subjected to Shear Loads 

As indicated in Figure 4.1(a), when a plate is subjected to pure shear loads 

along the edges, at the initial loading stage, equal tensile and compressive 

principle stresses are developed prior to shear buckling occurs. As the applied 

shear loads increase, the compressive and tensile stresses within the plate increase 

equally until shear buckling load is reached. After shear buckling load is reached, 

plates cannot take any additional compressive load. As indicated in Figure 4.1(b), 

by stress redistribution within the plate, the additional shear loads are then resisted 

by the tensile membrane stress only. According to Porter et al.'s theory (1975), 

the edge elements of the plate serve as an anchor to the diagonal tension field. 

Therefore, the rigidity of edge members greatly influences the magnitude of the 

post-buckling strength of the plate. As indicated in Figure 4.1(c), if the edge 

elements are flexible, the edge member will bend inward, plate failure will be 

initiated by forming plastic hinges at the edge members. As indicated in Figure 

4.1(d), if the edge elements are rigid, plate failure will be governed by frame 

action. 
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4.2.1 Shear Buckling Strength of Solid Plates 

Similar to plates subjected to uni-axial compressions, plates under edge shear 

forces exhibit buckling behavior when the applied shear force reaches the shear 

buckling load. As shown in Figure 4.2, if a rectangular plate with length 'a', width 

'h' and thickness 't' is subjected to uniform shear loads, the critical shear buckling 

strength of such plate can be formulated as the following (Timoshenko and Gere , 

1961): 

(4.1.1) 

For plates with all edges simply supported 

4 
k~olid = 5.34 + 2' a/h;::: 1 

(a/h) 
(4.1.2) 

where 'E' and 'v' are Young's modulus and Poisson's ratio, respectively. ''t~~lid, 

is the critical buckling stress of plates under shear loads. 'k~olid, is the 

non-dimensional shear-buckling coefficient, which depends on the aspect ratio 

and the boundary conditions of plates. Equation 4.1.2 is the approximate 

relationship between the shear-buckling coefficient 'k~olid, and the aspect ratio 

'a!h' for simply supported plates subjected to shear loads. 'a' is the larger 

dimension of plate sides and 'h' is the smaller. This will make sure that 'a!h' is 

always greater that 1. For example, for a simply supported square plate under 
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uniform edge shear, the shear-buckling coefficient 'k~olid , has the value of 9.34. 

From Equation 4.1.1, it can be seen that for a plate with given material properties, 

specific loading and boundary conditions, the critical buckling load depends on 

the slenderness ratio (hit) of the plate. As 'hit' decreases, ''t~~lid, can be as high as 

the shear yield stress ('ty), or even higher. The limiting 'hit' value is when ''t~~lid, 

is equal to ''ty'. Thus, when substituting' 'ty' into Equation 4.1.1, the limiting 

'hit' ratio is: 

t 
(4.2) 

h 
-= 

Therefore, when the 'hit' ratio is below the limiting value, the plate will yield first 

before it buckles. Substituting the material properties for cold-formed steel, that is 

v=O.3 and 'ty = Fy /.J3 MPa, Equation 4.2 becomes: 

(4.3) 
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Therefore, for a steel plate with material properties of v=0.3, and which possess 

on a sharp-yielding stress-strain relationship, when the slenderness ratio (hit) is 

greater than 1.25 ~Ek~Olid IFy , the plate will buckle before it yields. 

However, for cold-formed steel with a gradual-yielding stress-strain 

relationship discussed in Section 2.2, during the gradually yielding process, the 

slope of the stress-strain curve changes continuously, which means the modulus of 

elasticity (E) also changes continuously. The theoretical value of critical shear 

buckling stress thus should be reduced according to the reduction in modulus of 

elasticity (E). 

4.2.2 Ultimate Shear Strength of Solid Plates 

Cold-formed steel members are generally comprised of thin plate elements 

(high hit value). These members are usually susceptible to local buckling of 

individual plate elements. However, the critical shear buckling strength does not 

necessarily mean failure of the plate. As discussed before, plate elements exhibit 

post-buckling strength after they reach the elastic buckling load. The ultimate 

shear strength of a thin plate is usually larger than its shear buckling strength. The 

North American Specification (AISI, 2007) provides procedures to estimate the 

ultimate shear capacity of solid web plates as given below: 
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AISI (2007)-C3.2.1 Shear Strength [Resistance] of Webs without Holes 

(Note: some symbols haves been changed in order to be consistent with the 

symbols used in this research) 

The nominal shear strength [resistance], Vn , shall be calculated as follows: 

Vn=AWFy 

(a) For hit :::; ~Ek~OIid IFy 

Fy = 0.60Fy 

(c) For hit > 1.51 ~Ek~OIid I Fy 

2Eksolid 
F = 1t v =0.904EksoIid /(h/t)2 

y 12(1-v2)(h/t)2 v 

where 

Aw = Area of web element = (h . t) 

E= Modulus of elasticity of steel 

Fy = Nominal shear stress 

Vn = Nominal shear strength [resistance] 

t= Web thickness 

h= Depth of flat portion of web measured along plane of web 

v=Poisson's ratio = 0.3 
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(4.4.2) 

(4.4.3) 

(4.4.4) 



k~Olid = Shear buckling coefficient determined as follows: 

1. For unreinforced webs, k~Olid = 5.34 

2. For webs with transverse stiffeners satisfying the requirements of Section 

C3.6: 

When aIh $; 1.0 

k solid = 4.00+ 5.34 
v (aIh)2 

When aIh> 1.0 

k~Olid = 5.34 + 4.00 
(aIh)2 

where 

a= Shear panel length of unreinforced web element 

(4.4.5) 

(4.4.6) 

= Clear distance between transverse stiffeners of reinforced web elements 

As seen from the above equations, the ultimate shear strength of a solid web 

plate is a function of the slenderness (hit) and the aspect ratio (aIh) of the web 

plate. Figure 4.3 shows the shear strength of a plate as functions of the slenderness 

and the aspect ratio calculated according to the AISI (2007) method when the 

material properties are fixed. 
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Taking a close look at the AISI (2007) procedure of calculating the ultimate 

shear capacity of web plates presented above, it can been seen that, since the AISI 

(2007) adopted the gradual-yielding stress-strain curve for cold-formed steel, web 

plates can be divided into three cases, namely, (a) thick, (b) moderate thick and (c) 

thin. Plates falling into region (a) will fully yield before they reach the 

corresponding shear buckling stress. Such plates undergo material failure rather 

than suffering from an instability failure and are usually referred to as thick plates. 

Thus, the ultimate shear strength of web plates falling in case (a) is the material 

strength of plates, which is the shear yield strength of steel ('ty). Using Von Mises 

Fy 
yield criterion, 'ty= .J3 ~0.577. The AISI (2007) uses 'ty ~ 0.60Fy' which is 

F 
higher than 13, to keep consistent with the reduction factor of safety normally 

used in for shear yielding in allowable stress design standards such as the AISC 

Specification. Region (c) is for plates having their critical shear buckling strength 

less than the proportional limit in shear (0.8 'ty=0.8* Fy 1.J3). Such plates undergo 

elastic buckling behavior. The AISI (2007) estimates the ultimate strength of such 

n2Eksolid 
thin plates as its shear buckling strength, which is Fy = 2 y 2 ~ 

12(1-v )(h It) 

0.904Ek~olid I (hi t)2. For plates with hit ratio falling in case (b), which is the 

transition zone between elastic buckling and yielding, plates undergo inelastic 

buckling. The AISI (2007) estimates the ultimate strength of such plates as the 
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geometric mean of their shear buckling stress and 0.8 times the shear yield stress, 

which is, 

(4.5) 

where' 'ter ' is the elastic shear buckling stress. ''tpr ' is the proportional limit of 

shear, which is defined as 'tpr =0.8 'ty . Substituting ''ter ' and '0.8 'ty ' into 

0.64~Ek~OlidFy 
Equation 4.5, one can obtain that Fy = = 

(hIt) 

0.60~Ek~OlidFy . 
----''------. It IS 

(hIt) 

obvious that the procedure provide in AISI (2007) did not incorporate the 

post-buckling behavior of web plates into its ultimate shear capacity. It is possible 

that the AISI (2007) may under estimate the shear strength of thin web plates. 

4.3 Finite Element Model for Plates under Shear Loads 

In this section, a general finite element model for analyzing the post-buckling 

behavior of a simply supported rectangular cold-formed steel plate subjected to 

pure shear loads is proposed. As explained in Section 3.3, the quadrilateral 

four-node shell elements are used in this model. The automatic-time-step (ATS) is 

used as the analysis method, and the linearized-buckling-analysis is used to obtain 

the critical buckling strength of plates in this chapter. As stated in Section 3.3.2, at 

least 100 load steps are used for each loading process to insure sufficient numbers 

of data point for the load-displacement diagram. The proposed finite element 
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model uses an idealized stress-strain relationship for cold-formed steel proposed 

by Sivakumaran and Abdel-Rahman (1998). The model has included the effects of 

the geometrical initial imperfection, and has ignored the effects of the residual 

stress. The reason for neglecting the residual stress is stated in the following 

sections. 

4.3.1 Loading and the Boundary Conditions 

Figure 4.2 shows the dimensions and the loading conditions of plates need to 

be studied. It is a simply supported rectangular plate with length 'a', width 'h' and 

thickness 't'. The x-y plane is at the middle plane of the plate. The z-plane is 

perpendicular to the plate and is zero at the geometric center of the plate. The 

plate is subjected to pure shear loads along four edges. 

The loading details and the boundary conditions for the proposed finite 

element model are shown in Figure 4.4. In this figure, 'U 1 " 'U 2' and 'U 3' are 

the displacements in the 'x', 'y' and 'z' directions, respectively, while' 81 ', '82 ' 

and' 83 ' are the rotations about the 'x', 'y', and 'z' directions, respectively. 'Ll', 

'L2', 'L3' and 'L4' are the four edges of the plate. 'Point l' and 'Point 2' are the 

lower left comer and the upper left corner of the plate, respectively. Unless 

otherwise specified, all nodes are fixed in the z-direction rotation (83 ) to restrain 

the rigid body rotation about z-axis and are free in all the other degree of 

freedoms. In order to simulate a simply supported boundary condition, the four 

75 



edges of the plate (Ll, L2, L3 and L4) are fixed in z-direction translation only. In 

addition to the 'z' direction translation, point 1 is also fixed in the 'x' and 'y' 

translation to eliminate the rigid body movement of the plate in 'x' and 'y' 

directions; Point 2 is also fixed in x-translation to avoid the rigid body rotation of 

the plate about 'z' axis. 

To simulate a pure shear loading state, uniformly distributed line loads are 

applied along the four edges of the plate. The shear loads are directly applied to 

the nodes as a system of conservative forces and are kept tangential to the edges 

of the plate during the deformation process. 

4.3.2 Material Model 

The von Mises yield criterion is adopted as the yielding criterion for steel as 

explained in Section 3.3.3. Sivakumaran and Abdel-Rahman (1998) has shown 

that, instead of a well-defined yield point, cold-formed steel possesses a gradual 

yielding behavior followed by a certain level of strain hardening. Within a 

cold-formed steel section, the yield strength and ultimate strength differs between 

the corner area and the flat area. Since this study focuses only on the flat plates, 

the stress-strain relationship for the flat area will be used for all models in this 

research. For analysis purpose, Sivakumaran and Abdel-Rahman (1998) proposed 

an idealized multi-linear stress-strain relationship for cold-formed steel material. 

Figure 4.5 shows this stress-strain relationship, where 'Fy' is the yield stress of 

76 



steel, which depends on the steel grade selected in the analysis. In this research, 

the commonly used 350MPa yield strength is used as the value of ' Fy , . 

To simulate the non-linear material stress-strain relationship discussed above, 

the ADINA8.5 isothermal plasticity material models were chosen for the analysis. 

More specifically, the plastic-multilinear model is used for all studies in this 

research. The plastic-multilinear model is an elastic-plasticity model based on 

incremental plasticity theory. It assumes the material to be elastic-plastic followed 

by strain hardening. The ADINA8.5' s default isotropic hardening rule is used as 

the strain hardening rule for models in this research. 

4.3.3 Initial Geometrical Imperfections 

As discussed in Section 3.3.4, all structures are in reality imperfect. There are 

generally two types of imperfections in steel sections, namely global and local 

imperfection. To analyze the behavior of a web plate within a steel section, the 

local initial imperfection should be included. Moreover, in a numerical non-linear 

analysis, some forms of disturbances are necessarily to be applied on a perfectly 

flat plate to evoke the buckling behavior of the plate. 
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--~---~~- ----------------------------------

Geometrical imperfection is a function of plate width, thickness, forming 

process, installation etc. For this study, a double sine function proposed in Section 

3.3.4 is again used to represent the distribution of the geometrical imperfection in 

a web plate. 

Dawson and Walker (1972) have proposed an equation to express the 

relationship between the magnitude of the initial imperfection and the dimensions 

of the plate as the following: 

(4.6) 

where 'w 0' is the maximum magnitude of the initial imperfection. '1' is the 

thickness of the plate. 'Fy , is the yield stress of the plate. '(j cr ' is the compressive 

buckling strength of the plate. Based on curve fitting to experiment data, Dawson 

and Walker (1972) further showed that 'Y=O.2 is adequate for plates with simply 

supported boundary conditions. Substituting'Y=O.2 into Equation 4.6 obtains the 

following equation: 

w 0 / t = O.2(Fy / (j cr ) (4.7) 

Schafer and Pek6z (1998) have concluded some rules of thumb to predict the 
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maximum local imperfection in a stiffened cold-formed steel element that apply 

for a thickness, t, of less than 3 mm. According to their suggestion, the maximum 

geometrical imperfection amplitude for the local buckling of cold-formed steel 

sections is presented as: 

wo = O.145(h)~FY 
t t E 

=> wo::::: O.006h (4.8) 

where 'h' is the width of the plate, 't' is the thickness of the plate, 'hit' is the 

slenderness ratio of the plate, 'Fy ' is the yield stress of the plate and 'E' is the 

elastic modulus of the plate. 

Figure 4.6 shows the 'w 0 / t' values as a function of the slenderness of 

plates obtained from Equation 4.7 and Equation 4.8, respectively. It can be seen 

that the magnitude of the initial imperfection increases as the slenderness of plates 

increase. The British Steel Design Code provides an upper limit for the value of 

the maximum imperfection point, w 0' following Equation 4.8. Equation 4.7 seems 

to have over-conservatively calculated the imperfection magnitude of plates. Thus, 

for analysis purposes, the present study used one-half of the imperfection 

magnitude value calculated from Equation 4.8. 
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As a summary, the present finite element model will use the double sine 

function (Equation 3.14) to predict the shape of the initial imperfection, and will 

use (112)* (Equation 4.8) to predict the maximum value of the imperfection, 

which is w 0 =: (0.5)(0.006h) = O.003h. Since all plates in this research have 

h=100mm, wo=0.3mm was used for all models. 

4.3.4 Residual Stress 

Residual stresses are stresses that exist in steel sections as a result of the 

deformations during the cold-forming fabricating processes, and the thermal 

gradients that are induced in the welding process. The residual stresses in 

hot-rolled steel members are mainly caused by temperature gradients after hot 

rolling, flame cutting and welding processes. On the other hand, residual stresses 

in cold-formed steel members are mainly caused by bending of plated elements 

during the forming process. Rondal (1987) has shown that the flexural residual 

stress has negligible or no effect on the ultimate strength of cold-formed steel 

sections. Rodal (1992), Abdel-Rahman and Sivakumaran(1998) and Schafer and 

Pek5z (1998) have experimentally and analytically studied the changing of the 

yield strength and the residual stresses in cold-formed steel sections due to 

cold-working. It was found from these researches that cold-formed steel sections 

have elevated yield strengths in the corner regions due to the cold-working 

process. The induced residual stresses and increase of yield strength tend to 

compensate each another. Also, due to complication and lack of systematic data, 
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residual stresses are normally ignored in numerical analysis. As a result, the 

residual stresses are neglected in the current study, also. 

4.4 Convergence Study 

In order to ensure the accuracy of the analysis, convergence study should be 

performed on each model prior to further analysis. In this research, convergence 

studies will be performed on plates with different aspect ratios. For plates having 

the same aspect ratio, the convergence study will be carried out on the thinnest 

plate, since thin plates may experience more non-linearity because of the large 

deformation they undergo during the loading process. In this section, a sample 

convergence study will be carried out for shear plates with aJh=1 (square plate). 

Similar convergence studies will be carried out to choose suitable mesh 

configurations for the finite element models with different aspect ratios. 

The dimensions of the plate model for this convergence study is shown in 

Figure 4.2, with a=h=lQOmm and t=O.4mm. Thus, the slenderness ratio (hit) is 

250. The loading details and the boundary conditions for the finite element model 

for this plate are shown in Figure 4.4. The plate is under uniform shear loading 

along four edges. The applied loads and the boundary conditions were described 

in Section 4.3.1. The plate is assumed to have a multi-linear material model as 

described in Section 4.3.2 with Fy =350MPa and v=0.3. The initial imperfection 

is imposed as stated in Section 4.3.3, with the amplitude of the initial imperfection 
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calculated as one-half of the value calculated from Equation 4.8, which is 

w 0 =(0.5)(O.6mm)=O.3mm. The effect of residual stresses was ignored as 

explained in Section 4.3.4. 

The analysis includes 5 identical models with only changing the mesh 

configurations. Model number 1 to 5 will have mesh configuration of lOx 10, 

16x16, 20x20, 24x24 and 28x28, respectively. Thus models 1 to 5 have an 

increasing number of total mesh elements. The shear buckling loads and the 

ultimate shear strengths of the models are presented in the Table 4.1. The 

percentage changes in the buckling load and the ultimate strength of each model 

will be compared. 

In Table 4.1, the mesh configurations for each plate model were listed in the 

first column from the left. The second column from the left indicates the total 

number of elements for each of the 5 plate models. The shear buckling strengths 

and the ultimate shear strengths for the 5 plate models are recorded in the third 

and the fifth columns, respectively. The fourth column calculated the percent 

differences in the shear buckling strength between plates with two adjacent mesh 

configurations. The sixth column calculated the percent differences in the ultimate 

shear strength between plates with two adjacent configurations. It can be seen 

from Table 4.1 that as the total number of elements increases, the percentage 

differences in both the buckling loads and ultimate strengths between two 

82 



adjacent plates decrease. Again, as suggested by Thangavadivel (2003), a 

percentage difference of less than 5 % for both the buckling and ultimate load is 

considered to be acceptable for analysis purpose. Thus, a mesh configuration of 

20x20, and 24x24, 28x28 are all qualified. However, since the models for a/h=1 

will include plates with different plate thicknesses, in order to be more 

conservative, a 24x24 mesh configuration with a total of 576 elements was used to 

model plates with a aspect ratio of 1. 

Similar convergence studies were performed on plates with aspect ratios of 2, 

3,4 and 5. The selected mesh configurations for plate models with aspect ratios 1, 

2, 3, 4 and 5 are listed in Table 4.2. 

4.5 Geometrical Initial Imperfection Sensitivity Study 

As stated before, the initial imperfection can affect the shear capacity of 

plates. This section will study the effect of the magnitude of the initial 

imperfection on the ultimate shear strength of plates. 

The plates considered for the imperfection sensitivity study have the 

boundary and loading conditions as described in Section 4.3.1; and the material 

properties as described in Section 4.3.2 with Fy =350MPa and v=0.3. The 

dimensions of the plates are a=300mm and h=100mm. A double sine function, as 
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described in Section 4.3.3, is used to represent the distribution of the geometric 

imperfection. Residual stresses are ignored as explained in Section 4.3.4. 

Three groups of plates with different slenderness ratios, namely hit=50 

(group a), hlt=75 (group b), hlt=200 (group c), were studied. The slenderness 

ratios were selected so that they include the thick plate (hit:::; ~Ek~Olid I Fy ), 

moderate thick plate (~Ek~Olid IFy <hit:::; 1.51 ~Ek~Olid IFy ) and thin plate (hit 

>1.51~Ek~olid IFy ). Within each group, there are five plates. Each plate has a 

different maximum initial imperfection (w 0)' The five maximum initial 

imperfections are Wo It =0.001, 0.010, 0.100, 0.500 and 1.000. The mesh 

configuration was selected according to Section 4.4, which is a 24x72 mesh 

configuration for plates with an aspect ratio of 3. 

The ultimate strengths of plates with different maximum initial imperfection 

for each group are listed in the Table 4.3, where w 0 I t is the maximum initial 

imperfection value imposed on plates. It can be seen that, for all three groups of 

plates, namely hlt=50, hlt=75 and hlt=200, as the magnitude of the initial 

imperfection increases, the ultimate shear strength of the plate decreases. The 

difference in the shear capacities between w 0 It =0.001 and w 0 It =1 for plates 

with hlt=50 is about 28.57%. The difference in the shear capacities between 
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w 0/ t =0.001 and w 0/ t =1 for plates with hlt=75 is about 45.96%. The 

difference in the shear capacities between w 0 / t =0.001 and w 0 / t =1 for plates 

with hlt=200 is about 1.49%. Thus, it can be concluded that up to Wo / t =1, the 

initial imperfection has the most severe effect on plates with hlt=75 (moderately 

thick plates); some effect on plates with hlt=50 (thick plates). The effect caused 

by the initial imperfection up to w 0/ t =1 on plates with hlt=200 (thin plates) are 

very little (1.49% difference between w 0/ t =1 and w 0 It =0.001), and may be 

ignored. Figures 4.7 to 4.9 show the average shear stress-strain curves for these 

three groups of plates, namely with hlt=50, 75 and 200. Where the average 

applied shear stresses are obtained from dividing the total applied shear line loads 

by the length of the plate edges; and the average shear strains are calculated as 

tangent of the rotated angle of plates at each load step. Figure 4.10 shows the 

ultimate shear strength versus the maximum initial imperfection (w 0 )/plate 

thickness (t). It can be seen that, for all three groups of plates, the ultimate shear 

strength decreases approximately linearly with the increasing in the magnitude of 

the imperfection. Moreover, for plates with hlt=200 (thin plates), the line is almost 

horizontal. This indicates that the magnitude of the initial imperfection has very 

little effect on the ultimate shear capacity of thin plates. As discussed before, the 

ultimate strength of a plate is comprised by the pre-buckling strength and the 

post-buckling strength of that plate. Only the pre-buckling strength depends on the 

initial imperfection. As the plate becomes thinner, the post-buckling strength 
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becomes dominant and the pre-buckling strength becomes insignificant. Thus, the 

effect of the initial imperfection fades out as the plate approaches infinitely thin. 

4.6 Parametric Study on Plates Subjected to Shear Loads 

In this section, 40 simply supported plate models with 5 different aspect 

ratios, ranging from 1 to 5, will be studied with the width of the plates being fixed 

as h=lOOmm. The five aspect ratio are aJh=1, aJh=2, aJh=3, aJh=4, aJh=5. For each 

aspect ratio group, 8 identical plate models with varying thickness will be studied. 

The AISI (2007) limits the hit for an unreinforced flexural web panel to a 

maximum value of 200, thus the hit ratios selected in this study starts from hlt=50, 

and increases at every 25 interval until hlt=200. However, one extra hit value, 

namely hlt=250, was also studied to obtain a more complete view on how the 

ultimate shear strength of a plate changes as the hit ratio changes. 

The finite element model described in Section 4.3 was used for the 

parametric study. The loading details and the boundary conditions are shown in 

Figure 4.4. The plate is assumed to have a multi-linear material model with 

Fy =350MPa and V =0.3. The mesh configurations to be used for plates with 

different aspect ratios were selected through the convergence study and are listed 

in Table 4.2. The initial imperfection is imposed as described in Section 4.3.3. 

Figure 4.11 shows the shapes of the initial imperfections for plates with different 
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dimensions. The magnitude of the initial imperfection will be w 0 = O.3mm for all 

plates. 

4.6.1 Results and Discussions 

Figures 4.12 to 4.16 show the relationship between the average applied shear 

stress and the average shear strain for plates with aspect ratios from 1 to 5, 

respectively. It can be seen that, for plates having the same aspect ratios, the 

thinner the plate is, the lower the ultimate shear strength. 

Tables 4.4 to 4.8 show all the results obtained from the finite element 

analysis, including the shear buckling strength and the ultimate shear strength, for 

plates with aspect ratios from 1 to 5, respectively. Each of the five tables has 8 

columns. The first column from the left shows the 9 plates with various 

slenderness ratios. The second and third columns show the shear buckling strength 

obtained from the linearized-buckling analysis and from Equation 4.1.1, 

respectively. The fourth column compares the percentage difference between 

values in the second and the third columns. It can be seen that the percentage 

difference between the shear buckling strengths obtained from the 

linearized-buckling analysis and those obtained from Equation 4.1.1 are less than 

2.0% for all plate models. The fifth column in Tables 4.4 to 4.8 records the 

ultimate shear strength of plates obtained from the finite element analysis. The 

sixth column calculates the post-buckling strength of plates, which is obtained by 
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subtracting the elastic buckling strength from the ultimate shear strength of plates. 

It can be seen that for thin plates, significant post-buckling strengths exist. The 

seventh column calculates the post-buckling strength divided by the shear 

buckling strength of plates. The last column calculates contribution of the 

post-buckling strength to the ultimate shear strength by dividing the post-buckling 

strength by the ultimate shear strength of plates. It can be seen that as the hit 

values increase, the 'tp l'ter values increase. This indicates that the contribution 

of the post-buckling strength to the ultimate strength of a plate increases as the hit 

ratio increases. 

Figure 4.17 shows the relationship between the ultimate shear strengths and 

the slenderness ratios (hit) of plates having aspect ratios (a/h) from 1 to 5. It can 

be seen from Figure 4.17 that the ultimate shear strength of solid plates decreases 

at a decreasing rate as the hit values increase. It can also be found from Figure 

4.17 that the ultimate shear strength of solid plates decreases as the a/h ratios 

increase. Figure 4.18 shows the relationship between the ultimate shear strengths 

and the aspect ratio (a/h) of plates having different slenderness ratios (hit). It can 

be seen that the ultimate shear strength of solid plates decreases at a decreasing 

rate as the a/h values increase. The data lines in Figure 4.18 flat out when a/h 

approaches to 5. In other words, as the aspect ratio becomes large, the effect of the 

'a/h' value on the ultimate shear capacity of plates fades out. In practice, 

cold-formed steel members are normally used without intermediate stiffener, 
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which means that the 'a/h' for the web panels tend to be very large (aJh»5). Thus, 

for cold-formed steel members, the effect on the ultimate shear strength of web 

panels caused from the aspect ratio (a/h) can be normally neglected. 

4.6.2 Comparison between Shear Capacities Obtained from the Finite 

Element Analysis and the AISI (2007) Method 

Figures 4.19 to 4.23 show the ultimate shear strength of plates as a function 

of slenderness ratio obtained from both the finite element analysis and the AISI 

(2007) method for plates with a/h=1,2,3,4 and 5, respectively. Regions (a), (b) and 

(c) in Figures 4.19 to 4.23 correspond to the three cases of web panels defined in 

Equations 4.3.2, 4.3.3 and 4.3.4, respectively. 

It can be seen that in regions (a) and (b), the ultimate shear capacities 

obtained from the finite element analysis are somewhat lower than those 

calculated following the AISI (2007) specification. For plates in region (a), as 

discussed in Section 4.2.2, when calculating the ultimate shear capacity of thick 

F 
webs, the AISI (2007) uses 't y = 0.60Fy instead of 'ty = .13 -:=0.577. Thus the 

nominal ultimate shear strength for plates in region (a) tends to be over-estimated 

using the AISI (2007) method. This, however, does not mean the AISI (2007) is 

under-conservative, since proper reduction factor of safety will be applied to 
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compensate the over-estimation of the ultimate shear strength for plates in region 

(a). 

For plates in region (b), the AISI (2007) calculates the nominal shear strength 

as shown in Equation 4.5, which is an approximate equation proposed by Basler 

(1961) based on experimental data fitting with possibly some errors and 

uncertainties exist. Moreover, when calculating the nominal shear strength in 

region (b), the AISI (2007) uses 0.8Fy as the proportional limit of shear, while 

the material model used in this study has a shear proportional limit of 0.75 Fy as 

shown in Figure 4.5. 

The major differences of the ultimate shear strengths between the finite 

element analysis results and the AISI (2007) results occur for case (c) plates (thin 

plates). The shear capacities obtained from finite element study for thin plates are 

higher than that calculated from the AISI (2007) equations. This is because that 

the AISI (2007) calculates the ultimate shear strength of plates based on either the 

shear yield stress or the shear-buckling strength of web plates. Any additional 

post-buckling strength that may exist after the web has buckled is neglected. 

However, appreciable amounts of post-buckling strengths can build up for thin 

plates. Thus the current AISI specification has over conservatively estimated the 

ultimate shear strength of thin shear webs. Modifications are needed to be made 

on Equation 4.4.4 in Section 4.2 to include the post-buckling strength of thin web 
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plates. Take a close look on Equation 4.4.4, one can realize that the nominal shear 

stress calculated from this equation is the critical shear strength of the plate. Thus, 

in addition to the shear-buckling strength, the post-buckling strength observed in 

the finite element modeling could be added to Equation 4.4.4. 

Figure 4.24 shows the relationship between the post-buckling strength 

normalized by the shear buckling strength and the slenderness ratios up to hJt=200 

for plates with varying aspect ratios. It can be seen that the ratio of the 

post-buckling shear strength divided by the shear buckling strength increases 

approximately linearly as the hit ratio increases. Thus the new proposed equation 

could use a linear equation to represent the relationship between the ratio of the 

post-buckling strength divided by the shear buckling strength of plates and their 

slenderness ratios (hit). Figure 4.25 shows the relationship between the 

post-buckling strength normalized by the shear buckling strength and the aspect 

ratios up to a/h=5 for plates with varying slenderness ratios. It can be seen that 

when a/h~ 2, the ratio of the post-buckling shear strength divided by the shear 

buckling strength increases for plates with a/h=1 to plates with a/h=2. However, 

the real function between the ration of the post-buckling shear strength divided by 

the shear buckling strength and the aspect ratio (a/h) is unknown for plates with 

a/h~ 2 since only two data points (a/h=1 and a/h=2) are available. In this study, a 

linear relationship is assumed as a rough estimation of the relationship between 

the ratio of the post-buckling shear strength divided by the shear buckling strength 
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and the aspect ration (a/h) for plates with a/h:::; 2. When aJh>2, the ratio of the 

post-buckling shear strength divided by the shear buckling strength decreases 

approximately linearly as the a/h ratio increases. As a result, one linear equation 

could be used in each a/h range to include the effects on the post-buckling 

strength of plates caused by changing of the aspect ratio. The modified equation is 

derived by curve fitting the finite element results as the following: 

(c) For hit > 1.51 ~Ek~olid IFy 

( 4.4.4-modified) 

where 

f(a/h) = 0.01 *(a/h) + 0.2, 

= -0.02*(a/h) + 0.26, for a/h > 2 

Figures 4.26 to 4.30 show the ultimate shear strength of plates as a function 

of their slenderness obtained from the finite element analysis and from the AISI 

(2007) method when Equation 4.4.4 is modified for plates with a/h=1,2,3,4 and 5, 

respectively. It can be seen that with Equation 4.4.4 being modified to include the 
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post-buckling strength, the proposed AISI (2007) method is able to better estimate 

the ultimate shear strength of solid web plates. 

4.7 Conclusion 

This chapter studied the ultimate shear capacity of simply supported plates 

subjected to pure edge shear loading through a series of finite element modeling. 

The relationships between the shear capacity, the slenderness ratio and the aspect 

ratio of plates were studied. It was shown that the ultimate shear capacity of a 

plate decreases as the slenderness ratio (hit) of the plate increases. The ultimate 

shear capacity also decreases, but to a lesser extent, as the aspect ratio (a/h) of the 

plate increases. By comparing the shear strength obtained from the finite element 

modeling with that obtained from the AISI (2007) equations, the results indicated 

that by ignoring the post-buckling strength of slender plates, the AISI (2007) has 

underestimated the shear strength of thin plates, since the post-buckling strength 

can be many times larger than the shear-buckling strength of thin plates. Thus the 

current AISI (2007) specification appears to have over conservatively estimated 

the ultimate shear strength of webs. 
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Table 4.1 Buckling and Ultimate Strength of Plate Models with Different Mesh 
Densities (a/h=I, hlt=250) 

Buckling Load (MPa) Ultimate Load(MPa) 
Mesh Total Number 'ter %Diff. 

'tu1 %Diff. Configuration of Elements (MPa) (MPa) 
lOx 10 100 29.80 78.99 

5.11 
16x16 256 28.35 71.11 

1.43 
20x20 400 27.95 69.04 

0.68 
24x24 576 27.76 67.91 

0.36 
28x28 784 27.66 67.21 

Table 4.2 Selected Mesh Densities for Different Aspect Ratios 
a/h Mesh Configuration 
1.0 24x24 
2.0 24x48 
3.0 24x72 
4.0 24x96 
5.0 24x120 

Table 4.3 Ultimate Shear Strengths of Plates with Different Maximum Initial 
Imperfection 

~ Wo It 
hlt=50 hlt=75 hlt=200 

0.001 204.75 166.17 51.00 
0.010 202.13 161.72 51.08 
0.100 194.78 158.20 50.91 
0.500 174.50 139.69 50.70 
1.000 159.25 113.85 50.25 
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Table 4.4 Shear-Buckling Strength, Ultimate Strengths and the Post-Buckling 
Strength of Plates (aJh=l) 

'tcr - 'tcr -
'tul 'tp hit % Diff. 'tp l'tcr 'tp l'tul 

FEM Eq.4.1.1 
(MPa) (MPa) 

(MPa) (MPa) 

50 688.00 685.46 0.37 201.58 - - -
75 308.68 304.65 1.32 173.78 - - -

100 173.20 171.36 1.07 144.79 - - -
125 110.93 109.67 1.14 121.48 10.55 0.10 0.09 

150 77.16 76.16 1.31 104.03 26.87 0.35 0.26 

175 56.65 55.96 1.24 91.21 34.56 0.61 0.38 

200 43.38 42.84 1.26 81.50 38.12 0.88 0.47 

250 27.76 27.42 1.25 67.85 40.09 1.44 0.59 

Table 4.5 Shear-Buckling Strength, Ultimate Strengths and the Post-Buckling 
Strength of Plates (aJh=2) 

'tcr - 'tcr - 'tul 'tp hit %Diff. 'tp l'tcr 'tp l'tul 
FEM Eq.4. 1. 1 

(MPa) (MPa) 
(MPa) (MPa) 

50 473.01 465.29 1.66 195.60 - - -
75 209.99 206.79 1.55 156.41 - - -

100 114.78 113.14 1.45 121.40 6.62 0.06 0.05 

125 75.32 74.45 1.17 97.89 22.57 0.30 0.23 

150 52.53 51.75 1.51 82.10 29.57 0.56 0.36 

175 38.62 37.98 1.68 70.89 32.27 0.84 0.46 

200 29.61 29.08 1.82 62.50 32.89 1.11 0.53 

250 18.97 18.61 1.93 50.68 31.71 1.67 0.63 
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Table 4.6 Shear-Buckling Strength, Ultimate Strengths and the Post-Buckling 
Strength of Plates (a/h=3) 

'tef - 'tef -
'tul 'tp hit %Diff. 'tp l'tef 'tp/'tul 

FEM Eq.4.1.1 
(MPa) (MPa) 

(MPa) (MPa) 

50 430.25 424.52 1.35 191.55 - - -
75 192.00 188.67 1.76 149.98 - - -

100 108.10 106.13 1.86 113.12 5.02 0.05 0.04 

125 69.25 67.92 1.95 89.72 20.47 0.30 0.23 

150 48.10 47.17 1.99 74.46 26.36 0.55 0.35 

175 35.35 34.65 2.02 63.82 28.47 0.81 0.45 

200 27.08 26.53 2.06 55.96 28.88 1.07 0.52 

250 17.33 16.98 2.04 45.00 27.67 1.60 0.61 

Table 4.7 Shear-Buckling Strength, Ultimate Strengths and the Post-Buckling 
Strength of Plates (a/h=4) 

'tef - 'tef -
'tul 'tp hit %Diff. 'tp l'tef 'tp l'tul 

FEM EqA.1.1 
(MPa) (MPa) 

(MPa) (MPa) 

50 414.40 410.25 1.01 189.78 - - -
75 184.92 182.33 1.42 147.05 - - -

100 104.10 102.56 1.50 109.67 5.57 0.05 0.05 

125 66.69 65.64 1.60 86.11 19.42 0.29 0.23 

150 46.32 45.58 1.62 70.99 24.67 0.53 0.35 

175 34.04 33.49 1.64 60.53 26.49 0.78 0.44 

200 26.06 25.64 1.64 52.81 26.75 1.03 0.51 

250 16.69 16.41 1.68 41.64 24.96 1.50 0.60 
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Table 4.8 Shear-Buckling Strength, Ultimate Strengths and the Post-Buckling 
Strength of Plates (aJh=5) 

'tcr - 'tcr -
'tul 'tp hit %Diff. 't p l'tcr 't p l'tul 

FEM Eq.4. 1. 1 
(MPa) (MPa) 

(MPa) (MPa) 

50 407.45 403.64 0.94 189.03 - - -
75 181.80 179.40 1.34 145.75 - - -

100 102.40 100.91 1.48 107.90 5.50 0.05 0.05 

125 65.56 64.58 1.52 84.50 18.94 0.29 0.22 

150 45.54 44.85 1.54 69.34 23.80 0.52 0.34 

175 33.48 32.95 1.60 58.32 24.84 0.74 0.43 

200 25.62 25.23 1.56 49.80 24.18 0.94 0.49 

250 16.41 16.15 1.61 36.89 20.49 1.25 0.56 
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ChapterS 

SHEAR BEBA VIOR OF PLATES WITH OPENINGS 

5.1 Introduction 

Despite the fact that openings have been made in plated structures for a long 

time, there is very limited analytical research data exists on the buckling and 

ultimate strength for shear loading condition, especially for web plates with 

rectangular openings. This chapter will perform a systematic fInite element 

analysis on the shear buckling and ultimate strength of web plates, ranging from 

thick to thin plates, with square openings located on the center of web plates. The 

plate under consideration is shown in Figure 5.1. 

In Chapter 5, simply supported steel plates with square openings under pure 

shear loads will be analyzed using the commercial finite element software 

package ADINA8.5. The nonlinear behavior, including buckling, post-buckling 

and the ultimate strength of the plate will be studied through the use of finite 

element models. The proposed finite element model will be used to perform a 

parametric study on such plates. The parameters to be studied include the size of 

the opening (de Ih), the slenderness ratio (hit) and the aspect ratio (a/h) of plates. 

The purpose of this chapter is to establish the influence of these parameters on the 

ultimate shear strength of cold-formed steel plates with square openings. 
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The fIrst part of this chapter will present some theoretical methods of 

calculating the shear critical buckling stress and the ultimate shear strength of 

plates with openings. In the second part, a fInite element model suitable for 

modeling rectangular plates with square openings subjected to shear loads will be 

proposed. In the third part, a convergence study will be carried out to decide how 

many mesh elements should be used for future analysis. In the fourth part, 

parametric studies will be performed on plates with centrally located square 

openings under shear loads using the proposed finite element models. The 

post-buckling behavior of such plates will be studied. The parameters, as 

mentioned before, are the size of the opening (de / h), the web slenderness ratio 

(hit) and the web aspect ratio (a/h). The effects from each of the parameters on the 

shear buckling strength and the ultimate shear capacity of plates will be evaluated 

and analyzed in the parametric study. The ultimate shear strengths obtained from 

the finite element analysis will be compared with those calculated from the AISI 

(2007) code method. A new equation of calculating the shear capacity of plates 

with centrally located square openings will then be proposed based on the results 

obtained from the fInite element analysis. The detailed results and observations 

are presented in the following sections. 
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5.2 Background Information of Plates with Openings Subjected to Shear 

Loads 

As mentioned in Chapter 2, the shear resistance of steel sections mainly 

comes from the web panel of the section. Thus openings on the web are expected 

to decrease the shear resistance of the steel section. 

5.2.1 Shear Buckling Strength of Plates with Openings 

Previous research (Narayanan and Der-Avanessian, 1984) has shown that the 

shear buckling strength of a plate decreases as the size of the opening on the plate 

increases. The equation for calculating the elastic shear buckling strength of a 

plate with opening can be expressed in a similar form as for the solid plate: 

2 
't0pening = kopening 1t E 

cr v 12(l-y2)(h/t)2 
(5.1) 

where 'E' and 'v' are Young's modulus and Poisson's ratio respectively, while 'h' 

is the width of the plate and 't' is its thickness. ''t~;ening, is the critical buckling 

stress for plates with openings, 'k~pening, is the non-dimensional shear-buckling 

coefficient modified according to the effects of the openings. 'k~pening, is 

functions of the loading and the boundary conditions, size and shape of opening, 

location of opening, etc. 
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Based on experiments, Narayanan and Der-Avanessian (1984) suggested that 

for centrally located rectangular holes, 

kopening = k SOlid(l_ a Aopening) 
v v r A (5.2.1) 

k opening = k solid (1-~J or k opening = k solid (1-~J 
v v h' v v h (5.2.2) 

Whichever governs. 

where' de ' is the width of the rectangular opening and 'be' is the length of the 

opening, respectively. A opening = area of the opening=debe and A= area of the 

plate= h·a. a r = 1.5 for simply supported edges and 1.25 for clamped edges. 

5.2.2 Ultimate Shear Strength of Plates with Openings 

The existence of a web opening can decrease the shear strength of a 

cold-formed steel web plate. To account for the effects caused by openings on the 

ultimate shear strength of web plates, a shear reduction factor is usually applied 

on the nominal shear strength of a solid web panel. The North American 

Specification (AISI, 2007) provides procedures to estimate the ultimate shear 

capacity of C-section webs with web openings. The specific procedure is 
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presented below. 

AISI (2007)-C3.2.2 Shear Strength [Resistance] of C-Section Webs with 

Holes 

(Note: some symbols haves been changed in order to be consistent with the 

symbols used in this research) 

These provisions shall be applicable within the following limits: 

(1) d e lh:::;O.7 

(2) hlt:::;200 

(3) Holes centered at mid-depth of web 

(4) Clear distance between holes ~ 18 in. (457mm) 

(5) Non-circular holes, corner radii ~ 2t 

(6) Non-circular holes, de :::;2.5 in. (64mm) and be :S;4.5 in. (114mm) 

(7) Circular holes, diameter:S;6 in. (152mm) 

(8) de ~9116 in. (14mm) 

The nominal shear strength [resistance], Vn , determined by Section C3.2.1 

shall be multiplied by qs: 

(Note: Nominal shear strength Vn is given in Section 4.2.2) 

When clt~54 
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When 5:::; c/t<54 

qs = c/ (54t) (5.3.2) 

where 

for circular holes [5.3.3(a)] 

= h12-d /2 e for non-circular holes [5.3.3(b)] 

de = Depth of web hole 

be = Length of web hole 

h =Depth of flat portion of web measure along plane of web 

The AISI (2007) divides the openings into circular and non-circular. From 

Equation 5.3.3(a) and Equation 5.3.3(b), it can be seen that according to AISI 

(2007), the non-circular openings cause larger reduction in shear strength than the 

circular opening does. Moreover, the AISI (2007) method does not include the 

length of the plate (a) in the equations of calculating the shear reduction factor. In 

other words, if the width (h) of the plate is fixed, the effect from the aspect ratio 

(a/h) is not included. The ultimate shear strength of the plate with square openings 

as functions of the openings size and the slenderness ratio according to the AISI 

(2007) procedure are shown in Figure 5.2. 
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5.3 Finite Element Model for Plates with Square Openings under Shear 

Loads 

In this section, a general finite element model for analyzing the post-buckling 

behavior of a simply supported rectangular plate with a square opening subjected 

to pure shear loads is proposed. As explained in Section 3.3, the quadrilateral 

four-node shell elements are used in this model. The automatic-time-step (ATS) is 

used as the analysis method, and the linearized-buckling-analysis is used to obtain 

the critical buckling strength of plates in this chapter. Again, as stated in Section 

3.3.2, at least 100 load steps are used for each loading process to insure sufficient 

numbers of data point for the load-displacement diagram. Moreover, the proposed 

finite element model uses an idealized stress-strain relationship for cold-formed 

steel proposed by Sivakumaran and Abdel-Rahman (1997). See Section 4.3.2 for 

the details about the material model used. The model has included the effects of 

the geometrical initial imperfection, but has ignored the effects of the residual 

stress for simplicity. The reason for neglecting residual stresses was stated in 

Section 4.3.4. 

5.3.1 Finite Element Model and Boundary Conditions 

Figure 5.1 shows the dimensions and the loading conditions of plates needed 

to be studied. A simply supported rectangular plate, with length 'a', width 'h', 

thickness 't' and a centered square opening with a side length of ' de ' , is subjected 

to pure shear loads along the edges. Again, the x-y plane is at the middle plane of 
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the plate. The z-plane is perpendicular to the plate and is zero at the geometric 

center of the plate. 

The finite element model of such a plate with the boundary details and the 

loading conditions are shown in Figure 5.3. In this figure, 'U /, 'U / and 'U 3 ' 

are the displacements in 'x', 'y' and 'z' directions respectively, while' 81 ', '82 ' 

and '83 ' are the rotations in 'x', 'y', and 'z' directions respectively. 'Ll', 'L2', 

'L3' and 'L4' are the four edges of the plate. Unless otherwise specified, all nodes 

are fixed in the z-direction rotation (83 ) to restrain the rigid body rotation about 

z-axis, and are free in all other degree of freedoms. The boundary conditions for 

the four edges, namely 'Ll', 'L2', 'L3' and 'L4' in Figure 5.3, are the same as the 

boundary conditions for the four edges of a solid plate described in Section 4.3.1. 

The four edges of the opening are left free. The loading conditions are the same as 

the loading condition for a solid plate, which is again described in detail in 

Section 4.3.1. 

5.3.2 Initial Geometric Imperfections 

Similar with Chapter 4, an imperfection is introduced in the finite element 

model for plate with openings. In order to be realistic, the initial geometric 

imperfection is superimposed on a solid plate before openings are made. This is 

enabled by forming surfaces with a initial imperfection for a solid plate, but only 

mesh the surfaces outside of the opening. As in Chapter 4, a double sine function 
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is used to present the shape of the initial imperfection, and the maximum value of 

the imperfection is calculated as (112)*(Equation 4.8). 

5.4 Convergence Study 

As stated before, convergence study should be performed on each separate 

model prior to further analysis to insure the accuracy of the analysis. In this 

research, convergence studies will be performed on plates with different aspect 

ratios. For plates having the same aspect ratio, the convergence study will be 

carried out for the thinnest plate having the smallest opening. This is because thin 

plates may experience more non-linearity because of the large deformations they 

undergo during the loading process; and as the size of the opening increases, 

fewer mesh elements are needed for plates. Furthermore, the mesh configurations 

are also controlled so that the ratio of the longest edge to the shortest edge of the 

element is less than 5. In this section, a sample convergence study will be carried 

out for shear plates with aIh=3, hlt=200 and dJh=0.2, while suitable mesh 

configurations will also be selected for plates with each different aspect ratio. 

The dimensions of the plate model for this convergence study is shown in 

Figure 5.1, with a=300mm, h=100mm and dc =20mm. The slenderness ratio 'hit' 

is selected to be 200, that is when t=0.5mm. The loading details and the boundary 

conditions for the finite element model for this plate are shown in Figure 5.3. The 

plate is under uniform shear loading along 4 edges. The applied loads and the 
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boundary conditions are described in Section 5.3.1. The plate is assumed to have a 

multi-linear material model as described in Section 4.3.2, with Fy =350MPa and 

v=0.3. The initial imperfection is imposed as stated in Section 5.3.2, with the 

amplitude of the initial imperfection calculated from (l/2)*(Equation 4.8), which 

is w 0 = (1I2)*(0.006h) =0.3mm. 

The analysis includes 5 identical models with the only change is the mesh 

densities. Figure 5.4(a) shows a general mesh pattern for plate with an aspect ratio 

of 3 and dc lh=0.2. It can be seen that a finer mesh was generated closer to the 

opening region to handle the expected stress concentrations and high stress 

variations around the opening region. Figure 5.4(b) shows all the lines that need to 

be divided in order to discretize the plate into finite elements. In this study, each 

line is divided into the same numbers of divisions. Thus this analysis includes 5 

identical models with only change the number of divisions in each line. Models 

number 1 to 5 will have the numbers of divisions on each line being 10, 16,20,24 

and 28 respectively. Thus models 1 to 5 have an increasing number of total mesh 

elements. The shear buckling loads are obtained through the linearized-buckling 

analysis and the ultimate strengths are obtained from the ADINA static analysis 

with the ATS algorithm discussed in Section 3.3. The shear buckling loads and 

the ultimate shear strengths of the five models are presented in the Table 5.1. The 

percentage change in buckling load and ultimate strength of the each model will 

be compared. 

124 



In Table 5.1, the first column from the left indicates the number of divisions 

made on each geometrical line for the 5 models. It is evident from Table 5.1 that 

as the mesh becomes finer (increasing total number of elements), the percentage 

differences in both the buckling loads and ultimate strengths between two 

adjacent plates become smaller. Aagin, as suggested by Thangavadivel (2003), the 

percentage difference of less 5 % for both the buckling and ultimate load is 

considered as acceptable for analysis purpose in this study. Therefore, from Table 

5.1, it is shown that a geometrical line division of 20,24 and 28 are all qualified. 

However, since the models for aJh=3 will include plate models with changing 

plate thickness, in order to be more conservative, the 24-division mesh 

configuration with 3456 elements in total will be used as the mesh density for 

plates with a aspect ratio of 3. 

Similar convergence studies were also performed on plates with aspect ratios 

of 1 and 5 and dc lh=0.6, since for plates with aJh=l and 5, only dc lh=0.6 will 

be considered in this study. Figure 5.5(a) and (b) show the lines needed to be 

divided in order to discretize the plate into finite elements for plates with aJh=l 

and aJh=5, respectively. Based on the convergence studies, for plates with aJh=l, 

lines 1 to 12 were divided into 24 divisions; for plates with aJh=5, lines 1 to 14 

were divided into 24 divisions and lines 15 to 17 were divided into 48 divisions. 
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5.5 Parametric Study on Plates with Square Openings Subjected to Shear 

Loads 

In this section, parametric studies will be performed on simply supported 

plates with openings. The parameters of interest are the size of the opening 

(de Ih), the slenderness ratio of the plate (hit) and the aspect ratio of the plate 

(aIh). In this parametric study, a total of 42 plates will be modeled. The width of 

the plates were kept constant as h=lOOmm. First of all, 28 plates with aIh=3 will 

be modeled to study the effects on the ultimate shear capacity of plates caused by 

changing the opening size (de I h) and the slenderness ratio (hit) of plates. 

Because the AISI (2007) limits the hit for an unreinforced flexural web panel to a 

maximum value of 200, the selected slenderness ratios are hlt=50, 75, 100, 125, 

150, 175 and 200. These slenderness ratios are also selected so that they are 

consistent with the slenderness ratios used in Chapter 4. The selected square 

opening sizes were 20mm, 40mm, 60mm and 80mm, which translate into 'de I h ' 

values of 0.2, 0.4, 0.6 and 0.8, respectively. Even though the AISI (2007) has 

limited the maximum de value to be less than 64mm for non-circular openings, 

an 80mm opening will be also studied as an extreme case. For parametric study on 

the aspect ratio (aIh), the opening size of the plate will be fixed as de Ih =0.6. 

Three groups of plates with aspect ratios of aIh=l, 3 and 5 will be studied. For 

each group of plates, seven plates with different slenderness, namely hlt=50, 75, 

100, 125, 150, 175 and 200, were studied. 
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The finite element model described in Section 5.3 will be used for the 

parametric study. The loading conditions and the boundary details were described 

in Section 5.3.1 and are shown in Figure 5.3. The plate is assumed to have a 

multi-linear material model with Fy =350MPa and v =0.3. The mesh 

configurations to be used for plates with different aspect ratios are selected 

through the convergence studies. The initial imperfection is imposed as described 

in Section 5.3.2. 

5.5.1 The Effect of the Opening Size (de Ih) on the Ultimate Shear 

Strength of Plates 

The behavior of the plates studied during the loading process are illustrated 

through the applied shear stress versus the average shear strain diagrams. Figure 

5.6 shows how the average shear strains are calculated. The average shear strain is 

calculated by dividing the y-displacement of the lower right comer of the plate by 

the length (a) of the plate. Figures 5.7 to 5.10 show the applied shear stress versus 

the average shear strain diagram as the' de Ih' values change from 0 to 0.8 for 

plates with hlt=50, 100, 150 and 200 respectively. 

Figures 5.11 shows the deformed shape magnified by 10% and the band plot 

for the effective stress at the top surface of plates with aIh=3 and hlt=50 (thick 

plate) having various opening sizes at the failure load. Figure 5.12 shows the 

deformed shape magnified by 10% and the band plot for the effective stress at the 
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middle surface of plates with aJh=3 and h1t=200 (thin plate) having various 

opening sizes at the failure load. From Figure 5.11, it can be seen that for thick 

plates (h1t=50) , when de I h = 0.2, the area where the effective stress is greater 

than the yield stress (Fy = 350 MFa) occurs throughout most part of the plate. 

Such plates fail due to the material failure rather than the instability failure. As 

, de /h' increases, the area where the effective stress is greater than the yield stress 

(Fy = 350 MPa) occurs only around the opening. When de Ih ~ 0.6, the area 

where the effective stress is greater than the yield stress (Fy = 350 MPa) occurs 

clearly at the four corners of the square opening. This is due to the stress 

concentration at the comers of the square opening. A similar situation happened 

for thin plates (h1t=200). From Figure 5.12, it can be seen that when de Ih ::; 0.2, 

the area where the effective stress is greater than the yield stress (Fy = 350 MPa) 

occurs at places where the out-of-plane deflection is the most, this indicates a 

stability type of failure for such plate. As 'de /h' increases, the area where the 

effective stress is greater than the yield stress (Fy = 350 MPa) occurs only around 

the opening. Again, when de Ih ~ 0.6, the area where the effective stress is 

greater than the yield stress (Fy = 350 MPa) occurs clearly at the four comers of 

the square opening. Therefore, for plates with large openings, failure occurs in 

areas close to the openings, especially at points where stress concentration may 

occur. Thus, in order to increase or restore the shear capacity of plate with 
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openings, reinforcement must be placed around the openings. 

Table 5.2 records the ultimate shear capacity of plates with openings and 

aJh=3 obtained from the finite element analysis. As introduced before, seven 

groups of plates with different slenderness ratios (hit) were studied. For each hit 

. 't0pening 

value, Table 5.2 lists the ''t~femng, and' ul lid 'for plates with different opening 
't

so 
ul 

sizes (de /h). It can be seen that for each slenderness ratio (hit), the opening 

significantly reduces the ultimate shear strength of the plate. This can be 

explained by the fact that, as the opening size increases, less material is left to 

resist the shear loading. In the extreme case, where d c /h=0.8, the reduction in the 

ultimate shear strength compared with solid plate can be as large as more than 

90% for all plates studied. Figure 5.13 shows the ''t~fening, versus 'de Ih' for 

plates with various hit value and with aJh=3. It again shows that the ultimate shear 

strength decreases as the opening size (de/h) increases. Figure 5.14 shows the 

''t~fening, versus 'hit' for Plates with various opening sizes (de /h). It can be seen 

from Figure 5.14 that the openings have more effects on the ultimate shear 

capacity of thick plates than thin plates. 
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5.5.2 The Effect of the Slenderness Ratio (hit) on the Ultimate Shear 

Strength of Plates 

Table 5.2 and Figure 5.14 also show that as hft increases, the ultimate shear 

strength of the plate decreases. Moreover, it can be seen from Figure 5.14 that as 

the size of the opening (de I h) increases, the effect caused by the slenderness 

ratio (hft) decreases. This can be explained by the fact that thick plates fail mainly 

due to material failing; reduction in material in such plates will have more effect 

on the ultimate strength than that in the thin plates, which fail mainly due to loss 

of stability. This is why when large openings exist, the strength difference 

between thick and thin plates fades out since the strength reduction in thick plates 

is much greater than that in thin plates. Thus, plates with higher slenderness ratio 

experience lower effects on the ultimate shear capacity from centrally located 

openings. 

5.5.3 The Effect of the Aspect Ratio (alb) on the Ultimate Shear Strength of 

Plates 

To study the effect on the ultimate shear strength of plates caused by the 

aspect ratio (a/h), the opening size is kept constant as de Ih =0.6. The results used 

for the parameter study on the aspect ratio (a/h) of plates are listed in Table 5.3. It 

can be seen that for each slenderness ratio (hft) , the ultimate shear strength 

increases as the aspect ratio (a/h) increases, but only to a small amount. For 

example, for a plate with hft=50, the difference in the ultimate shear strength 

130 



between a/h=1 and a/h=5 is only about 2.3%. Figure 5.15 shows the ultimate 

shear capacity of plates with square openings as a function of the plate aspect ratio 

(a/h). It can be seen from Figure 5.15 that as the aspect ratio increases, the 

ultimate shear strengths of such plates tend to increase. However, for all of these 

models, the effect caused by changing the aspect ratio is relatively small 

compared with the effects caused from the openings size (de / h) and the 

slenderness ratio (hit). 

5.5.4 Comparison between the Ultimate Shear Capacities Obtained from the 

Finite Element Method and the AISI (2007) Method 

Figures 5.16 to 5.19 show the ultimate shear capacities of plates with 

openings as a function of the size of the openings (de / h) obtained from both the 

finite element method and the AISI (2007) code method (Eq.5.3.1 to 5.3.3) for 

plates with hlt=50, 100, 150 and 200, respectively. Where qs 
't0pening 

= ul • It is 
't

solid 
ul 

evident from these figures that the AISI (2007) tends to underestimate the ultimate 

shear strength of thick to moderate thick plates with square openings, but 

overestimate the ultimate shear strength of thin plates with square openings. A 

new equation of estimating the shear reduction factor (qs) for web plates with 

centrally located square opening will be proposed based on the finite element 

analysis. 
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The new proposed equation is derived by curve fitting the finite element data 

for plates with hlt:5:200 and de Ih :5:0.8. Figure 5.20 shows the shear reduction 

factor (qs) as a function of the opening size (de Ih) for plates with different 

slenderness ratios (hit). Thus, according to Figure 5.20, a third power polynomial 

equation can be used to represent the relationship between the shear reduction 

factor (qs) and the opening size (de I h) of plates. The equation is presented as 

the following: 

Figures 5.21 to 5.24 show the shear reduction factor of plates with square 

openings as a function of their opening size (de I h) obtained from the finite 

element analysis and from Equation 5.4 for plates with hlt=50, 100, 150 and 200, 

respectively. It can be seen that Equation 5.4 is able to better estimate the ultimate 

shear strength of plates with centralized square opening. 
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5.6 Conclusion 

In this chapter, simply supported plates with centrally located square 

openings were modeled using the finite element method. The non-linear behavior 

and ultimate shear capacity of such plates were analyzed using the commercial 

three dimensional finite element analysis software ADINA8.5. The proposed 

finite element models were used to carry out parametric studies on the ultimate 

shear capacity of plate with square openings. The parameters selected are the size 

of the openings (de Ih), the plate slenderness ratio (hit) and the plate aspect ratio 

(a/h). 

The parametric study has shown that the centrally located square opening 

significantly reduces the ultimate shear strength of the plate. Based on the 

parametric study, it can be concluded that the opening size is the primary 

parameter influencing the ultimate shear strength of plate. The reduction in the 

ultimate shear strength displays an approximately linear relationship with the 

increase of the opening sizes. It was also found that as the slenderness of the plate 

increases, the ultimate shear strength decreases. However, the extent of the effect 

on the ultimate shear strength of plate decreases as the openings size increases. 

The last parameter, which is the plate aspect ratio, was found to affect the ultimate 

shear strength of plate with square opening to some extent. When holding the 

opening size unchanged, the ultimate shear strength of plates with square 

openings tends to increase as the plate aspect ratio increases. However, as the 
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aspect ratio increases, that is when the plate becomes very long; the rate of 

increase in the ultimate shear strength tends to decrease and eventually fades out. 

Thus compared to the other two parameters, the aspect ratio is the least significant 

parameter in the sense of affecting the ultimate shear strength of plates with 

square opening. 
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Table 5.1 Buckling and Ultimate Strengths of Plates with Openings with 

Different Mesh Densities (aIb=3, hlt=200, de Ih =0.2) 

Shear Buckling Strength Ultimate Load 
Number of Total 

(Jer(FEM) (Jul (FEM) 
Divisions On Number of %diff. %diff. 
Each Line Elements (MPa) (MPa) 

10 600 23.29 58.52 

2.15 8.09 

16 1536 22.80 54.14 

0.62 2.48 

20 2400 22.66 52.83 
0.35 2.03 

24 3456 22.58 51.78 
0.31 0.52 

28 4704 22.51 51.51 
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Table 5.2 Ultimate Shear Strength of Plates with Different Opening Sizes and 
Slenderness Ratios for Plates with a!h=3 

hlt=50 hlt=75 hlt=100 hlt=125 
dc/h 't0pening 't0pening 't0pening 't0pening 't0pening 't0pening 't0pening 't0pening 

ul ul ul ul ul ul ul ul 

(MPa) 't
solid 
ul (MPa) 't

solid 
ul (MPa) 't

solid 
ul (MPa) 't

solid 
ul 

0.00 191.55 1.00 149.98 1.00 113.12 1.00 89.72 
0.20 151.10 0.79 124.22 0.83 97.00 0.86 79.46 

0.40 89.25 0.47 73.22 0.49 59.10 0.52 50.33 
0.60 31.10 0.16 26.84 0.18 23.59 0.21 21.05 

0.80 7.22 0.04 6.21 0.04 5.55 0.05 5.53 

hlt=150 hlt=175 hlt=200 
dc/h 't0pening 't0pening 't0pening 't0pening 't0pening 't0pening 

ul ul ul ul ul ul 

(MPa) 't
solid 
ul (MPa) 't

solid 
ul (MPa) 't

solid 
ul 

0.00 74.46 1.00 63.82 1.00 55.96 1.00 
0.20 67.11 0.90 58.31 0.91 51.78 0.93 
0.40 44.41 0.60 39.71 0.62 35.86 0.64 

0.60 19.31 0.26 18.01 0.28 16.97 0.30 
0.80 5.502 0.07 5.00 0.08 4.704 0.08 

Table 5.3 Ultimate Shear Strength of Plates with Slenderness Ratios and Aspect 

Ratio (de Ih =0.6) 

't0pening 
ul (MPa) hlt=50 hlt=75 hlt=100 hlt=125 

a!h=1 30.75 25.88 21.96 19.64 

a!h=3 31.10 26.84 23.59 21.05 

a!h=5 31.45 28.13 25.21 22.32 

't0pening 
ul (MPa) hlt=150 hlt=175 hlt=200 

a!h=1 17.70 16.76 16.08 

a!h=3 19.31 18.01 16.97 

a!h=5 20.31 18.81 17.46 
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Figure 5.1 Simply Supported Plate with Centered Square Opening Subjected to 
Uniform Edge Shear 

1.2 

1.0 

0.8 

'" 0.6 0' 

'" 0" 
0.4 

0.2 

0.0 

-hlt=50 
hlt=200 - hIt=100 

--------------~~------~~----~ 

0.0 0.1 0.2 0.3 0.4 

dc/h 

-hlt=150 

-hlt=200 

0.5 0.6 0.7 0.8 

Figure 5.2 Shear Reduction Factor qs as a Function of de /h Calculated 
According to the AISI (2007) Specification (Equation 5.3.1 to 
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Figure 5.3 Finite Element Model with Load & Boundary Conditions of A 
Plate with Square Opening Subjected to Edge Shear Loading 
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Figure 5.4 (a) Typical Mesh Pattern for A Rectangular Plate with aJh=3, 
dc lh=O.2 

(b) Rectangular Plate with aJh=3 and dc lh=O.2 with Lines Being 
Divided According to Specified Mesh Density 
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Figure 5.5 Rectangular Plate with Lines Being Divided According to Specified Mesh Density 
(a) aIh=l and dJh=O.6 (b) aIh=5 and dc lh=O.6 
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Figure 5.7 Applied Shear Stress Versus Average Shear Strain for hlt=50 
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Figure 5.8 Applied Shear Stress Versus Average Shear Strain for hlt=100 
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Figure 5.9 Applied Shear Stress Versus Average Shear Strain for hlt=150 
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Figure 5.10 Applied Shear Stress Versus Average Shear Strain for hlt=200 
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Figure 5.20 Ultimate Shear Strength of Plates with Openings/Ultimate Shear 
Strength of Solid Plate Versus de / h for Plates with Various hit 
Values (aIh=3) 
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Figure 5.21 Ultimate Shear Strength of Plates with Openings/Ultimate Shear 
Strength of Solid Plate Versus de / h for Plates with aJh=3 and 
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Chapter 6 

SHEAR BEHAVIOR OF PLATES WITH REINFORCED OPENINGS 

6.1 Introduction 

Studies in Chapter 5 have shown that the presence of a square opening with 

the sides of the opening larger than 20% of the web height in a simply supported 

plate can significantly reduce the shear strength of that plate. Obviously the 

reduction is more severe when the opening becomes larger. For example, when 

the side length of the square opening is 80% of the height of the plate, the shear 

strength of the plate can be reduced up to 96% of its original shear capacity as a 

solid plate. To compensate the reduction in the shear strength of steel plates due to 

the presence of large openings, reinforcements may be considered. Studies in 

chapter 5 have shown that the failures of plates with large square openings are 

initiated around the openings. Thus, in this chapter, the impact of reinforcements 

positioned near the openings on the shear strength is considered. These results are 

compared to the shear strength of solid plates in order to establish the efficiency 

of such reinforcements. With appropriate reinforcements, a plate with an opening 

may recover or even exhibit increased shear capacity as compared to the shear 

strength of the corresponding solid plate. In order to better understand the shear 

behavior of plates with reinforced openings, thus to find a more efficient way to 

reinforce the opening, this chapter will perform finite element method based 

studies on the shear strength of plates with reinforced square openings. 
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In this chapter, a simply supported steel plate with an aspect ratio of 3 (aJh=3) 

and having a 60% reinforced square opening (de Ih =0.6) under pure shear loads 

will be analyzed using the finite element analysis package ADINA 8.5. Three 

different reinforcement schemes, namely [a] flat-reinforcement, [b] 

lip-reinforcement and [c] angle-reinforcement will be considered in this study. 

The three reinforcement schemes under consideration are as shown in Figure 6.1. 

In this figure, 'h r ' is the total width of the reinforcing plate which is kept constant 

for all three reinforcement schemes. However, the investigation considered 

increasing thicknesses for the reinforcements. The ultimate shear strengths of 

plates with each reinforcement scheme will be established through the use of 

finite element models, and will be compared to corresponding plates with no 

openings. The purpose of this chapter is to evaluate the efficiency of the three 

reinforcement schemes in restoring the shear capacity of plates with square 

openings. 

The first part of this chapter presents some background information about 

plates with reinforced openings. In the second part, a general finite element model 

suitable of modeling a simply supported rectangular plate with a reinforced square 

opening sUbjected to shear loads is introduced. In the third part, results from a 

series of finite element analysis performed on steel plates with aforementioned 

three different reinforcement schemes are presented. For each reinforcement 

scheme, the ultimate shear strengths of plates with different reinforcement sizes 
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(t r It) will be investigated. Here, 'tr' is thickness of the reinforcement and 't' is 

the thickness of the base plate. The efficiency of each reinforcement scheme is 

established at the end of the investigation. 

6.2 Background Information of Plates with Reinforced Openings Subjected 

to Shear Loads 

Reinforcements on hot-rolled steel members have been studied in detail for a 

reasonably long time. Segner (1964) conducted experimental studies on hot-rolled 

plate girders with reinforced rectangular openings subjected to varying 

combinations of bending and shearing loads. The reinforcement schemes used in 

Segner's (1964) experiments included horizontal bars placed above and below the 

openings, combination of the horizontal bars and the vertical bars placed around 

the openings, combination of the horizontal bars and the inclined bars placed 

around the openings, etc. Segnar (1964) found that in high bending moment zones, 

horizontal bars attached to above and below the openings are the most efficient 

reinforcement scheme; however, in high shear zones, combination of the 

horizontal bars and the inclined bars are more efficient. 

Redwood and Shrivastava (1980) proposed design recommendations for 

hot-rolled W-shaped sections with unreinforced and reinforced openings. Based 

on experiments, Narayanan and Der-Avanessian (1984) proposed an equilibrium 

solution to predict the strength of webs containing reinforced rectangular openings. 
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The reinforcements considered by Narayanan and Der-Avanessian (1984) were 

welded flat reinforcements placed symmetrically above and below the openings. 

In 1985, Narayanan and Der-Avanessian (1985) further proposed the design steps 

on using the welded flat reinforcements to restore the shear buckling strength of 

hot-rolled plates with openings to the buckling strength of such plates without 

openings. 

In terms of shear reinforcements on cold-formed steel webs, very limited 

research can be found. Pennock (2001) carried out experimental studies on 

cold-formed steel joists with reinforced and unreinforced web openings subjected 

to bending and the combined effect of bending and shear. Both circular and square 

openings were considered in the study. The reinforcement scheme used in 

Pennock's (2001) experiments was a joist with a web opening having the same 

size and shape as the opening on the main joist. Pennock (2001) found that such 

reinforcement was inefficient for openings located both in high bending and 

shearing zones. 

Acharya (2009) performed both the experimental study and the finite element 

analysis on reinforcement schemes for cold-formed steel joists having large web 

openings. He carried out experimental studies on reinforcement schemes for 

cold-formed steel joists with openings in both flexural and shear zones, but only 

considered the flexural reinforcement schemes in the finite element analysis. 
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Three reinforcement schemes were considered in Acharya's (2009) study for the 

shear reinforcement. Two of them are the reinforcement schemes recommended 

by the AISI (2001), which are a steel plate having the same size and shape of the 

opening as the main joist and a cold-formed steel stud section having the same 

size and shape of the opening as the main joist, respectively. The third 

reinforcement scheme considered by Acharya (2009) was to have four channel 

sections placed around the opening. Acharya's (2009) study concluded that only 

the reinforcement scheme using the channel sections was adequate to restore the 

shear strength of cold-formed steel joists having web openings. 

The AISI (2001) has suggested that if web holes violating the requirements 

provided in the AISI (200l)-A4.4, then the web holes should be reinforced 

according to the AISI (2001)-A4.5. 

AISI (2001)-A4.4 Web Holes 

Holes in webs (also referred to as punchouts or perforations) of structural 

members shall comply with the limitations of Figure A4-1 (for floor and ceiling 

joists) and A4-2 (for studs and other structural members) and all of the following 

requirements: 

Web holes shall have center-to-center spacing of not less than 610 mm (24 

inches). 

Web hole width for floor and ceiling joists shall not be greater than 0.5 times 
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the member depth, d, or 64.5mm (2-112 inches). 

Web hole width for studs and other structural members shall not be greater 

than 0.5 times the member depth, d, or 38.1mm (1-112 inches). 

Web hole length shall not exceed 114mm (4-112 inches). 

Minimum distance between the end of the member or edge of bearing and 

the near edge of the web hole shall be 240mm (10 inches). 

Members with holes violating the above requirements shall be patched in 

according with Section A4.5 or designed in accordance with accepted engineering 

practices. 

AISI (2001)-A4.5 Hole Patching 

Web holes violating the requirements of Section A4.4 shall be patched if the 

depth of the hole does not exceed 70% of the flat width of the web and the length 

of the hole measured along the web does not exceed 254 mm (10 inches) or the 

depth of the web, which ever is greater. The patch shall be a solid steel plate stud 

section, or track section in accordance with Figures A4-3 or A4-4. The steel patch 

shall be of a minimum thickness as the receiving member and shall extend at least 

25.4 mm (1 inch) beyond all edges of the hole. The steel patch shall be fastened to 

the web of the receiving member with NO.8 screws spaced no greater than 25.4 

mm (1 inch) center-to-center along the edges of the patch with minimum edge 

distance of 12.7 mm (112 inch). 
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Figure 6.2 shows the reinforcement configurations recommended by the AISI 

(2001). 

6.3 Finite Element Model for Plates with Reinforced Square Openings 

Subjected to Shear Loads 

In this section, a general finite element analysis model is proposed to 

investigate the behavior of plates with reinforced square openings subjected to 

pure shear loads. The analysis can capture the pre-buckling, post-buckling and the 

ultimate load level behavior of such plates. The automatic-time-step (ATS) is used 

as the analysis method. This analysis method was presented in previous chapters. 

The model consists of two components, the main plate and the reinforcements. As 

explained in Section 3.3, the quadrilateral four-node shell element is used for both 

the main plate and the reinforcements, since both of them are plated elements. The 

details about the shell elements and the ATS were presented in chapter 2. 

Moreover, the main plate and the reinforcement plate are assumed to have the 

same material properties. Thus, the idealized multi-linear stress-strain relationship 

for cold-formed steel proposed by Abdel-Rahman and Sivakumaran (1997) is used 

for both the main plate and the reinforcement plate. See Section 4.3.2 for the 

details about the material modeL 
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6.3.1 The Finite Element Models for the Reinforcements 

The reinforcements are assumed to be fully attached to the main plate with 

no additional constraints. Thus, though screws are widely used in construction 

practice, here, no screw will be modeled. Figure 6.3 shows the sUlfaces formed in 

a general finite element model applicable to all three reinforcement configurations. 

Only selected surfaces will be meshed in order to model each specific 

reinforcement configuration. For example, for plates with flat-reinforcements, 

surfaces Sl to SlO (see Figure 6.3) will be meshed. In order to incorporate the 

flat-reinforcement, the thickness of surfaces S3 to SlO was assigned the sum of 

the thickness of the main plate and the thickness of the reinforcement plate. For 

example, if the reinforcement thickness tr = 2*t, then, thickness of surfaces S3 

to S 10 was assigned as 3 *t, where, t is the thickness of the main plate. 

Similarly, for plates with lip-reinforcements, surfaces Sl1 to S14 will be 

meshed. Note that surfaces SI to SlO form the main plate, which has the original 

mesh with thickness t, and surfaces Sl1 to S14 form the lip-reinforcement, thus 

the thickness of surfaces S 11 to S 14 equals to thickness of the reinforcement tr . 

For plates with angle-reinforcements, surfaces S7 to S14 will be meshed. In 

order to incorporate the effect from the angle-reinforcement, the thickness of 

surfaces S 1 to S6 equals to the thickness of the main plate; the thickness of 

surfaces Sl1 to S14 equals to the thickness of the reinforcement only; however, 
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the thickness of surfaces S7 to S 10 equals to the sum of the thickness of the main 

plate and the thicknesses of the reinforcement plates. 

6.3.2 Loading and the Boundary Conditions 

The loading conditions and the boundary conditions for the main plate is the 

same as those described in Section 5.3.1. The main plate is assumed to be simply 

supported along the four edges and is subjected to uniform distributed shear loads 

applied along all four edges. The edges of the opening are left to move freely. 

Figure 5.1 shows the dimensions and the loading conditions of the main plate, 

where 'a' is the length of the main plate, 'h' is the width of the main plate, 't'is 

the thickness of the main plate and 'de' is the length of the square opening. Again, 

the reinforcements are assumed to be fully attached to the main plate with no 

other additional constraints. 

6.3.3 Initial Geometric Imperfections and the Residual Stresses 

The model has included the effects of the geometrical initial imperfection, 

and has ignored the effects of residual stresses. The reason for neglecting the 

residual stress was stated in Section 4.3.4 in detaiL Similar with Chapter 5, the 

initial imperfection was introduced to a solid plate before openings and 

reinforcements were presented. The shape of the initial imperfection is described 

by a double sine function and the magnitude of the imperfection is calculated as 

112. Equation 4.8. The details about the initial imperfection were described in 
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Section 4.3.3. 

6.3.4 Mesh Quality 

The mesh configuration for surfaces S 1 to S 10 in Figure 6.3 is based on the 

convergence study performed in Section 5.4. Since this chapter considers plates 

with an aspect ratio of 3 (a/b=3) only, the 24-division mesh configuration with 

3456 elements described in Section 5.4 will be used as the mesh configuration for 

surfaces S 1 to S 10. Figure 6.4 shows the geometric lines needed to be divided in 

order to discretize surfaces Sll to SI4 in Figure 6.3. For lines LI to L8, 24 

divisions were made on each line; for lines L9 to LI2, the mesh density was 

controlled so that the ratio of the longest element edge to the shortest element 

edge maintains inclusively less than 5. Thus, for lip-reinforcement, when the 

lengths of lines L9 to LI2 equal to hr =20mm, 24 divisions were made on lines 

L9 to LI2, this gives a value of 3 for the ratio of the longest element edge to the 

shortest element edge for elements within surfaces S 11 to S 14. For 

angle-reinforcement, when the length of lines L9 to LI2 equal to (1/2) hr =lOmm, 

20 divisions were made on lines L9 to LI2. This resulted in a value of 5 for the 

ratio of the longest element edge to the shortest element edge for elements within 

surfaces Sll to SI4. Figure 6.5(a), (b) and (c) show typical mesh configurations 

for plates with flat-reinforcement, lip-reinforcement and angle-reinforcement, 

respectively. 
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6.4 Shear Behavior of Plates with Reinforced Openings 

In this section, the behavior of simply supported plates with a square opening 

reinforced with three different reinforcement configurations is considered. The 

finite element model described in Section 6.3 was used to model such a plate. The 

multi-linear material model with Fy =350MPa and v =0.3 was used as the model 

material property of the plate. Same material properties were used for the 

reinforcements as welL 

Each reinforcement configuration was applied on plates having a fixed aspect 

ratio (a/h=3) but varying slenderness ratios (hit). The plate under consideration 

has a length of 300mm (a=300mm) and a width of 100mm (h=100mm), which 

gives an aspect ratio of 3 (a/h=3). Since the AISI (2007) has limited the size of the 

opening ( de) to be less than 64mm and also sufficient remaining width are needed 

in order for the main plate to restore the strength, a 60% opening with de =60mm 

was considered in this study. Reinforcement plates with a total width of 'hr ' and 

a thickness of' tr ' will be used to reinforce the opening area of the plate in three 

different configurations discussed earlier. The three reinforcement configurations 

are as shown in Figure 6.l(a), (b) and (c), which are the flat-reinforcement, the 

lip-reinforcement and the angle-reinforcement, respectively. The total width of the 

reinforcement plate (hr) was assumed to be constant as 20mm, which is the 

length of the remaining width of the plate above and below the opening. For the 
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angle-reinforcement configuration, the reinforcement plates are assumed to be 

bent into angles with the width of each leg of the angle equals to 

(1I2)e hr=lOmm. 

Plates with selected slenderness ratios (hit) were studied for each 

reinforcement scheme. The slenderness ratios considered in this investigation are 

hlt=50, 100, 150 and 200, which covers from thick plates to the thinnest plates 

allowed in the AISI (2007) code. In this study, considering the plate with different 

hit one by one, reinforcements with increasing thickness will be applied on plates 

to investigate the influence of the thickness of the reinforcements on the behavior 

and the ultimate shear capacity of such plates. Thus, for plates with each 'hit' 

value, the reinforcement thickness to the main plate thickness ratio (tr It) 

increases from zero until the increase in the ultimate shear strength of plates is 

less than 1.0%. Generally, 'tr It' was increased at an incremental step of one for 

each 'hit' value. However, intermediate steps may also be applied when needed. 

6.4.1 Results and Discussion 

The behavior of the plates considered in this section are again illustrated 

through the shear stress versus the average shear strain diagrams. The average 

shear strain in the horizontal axis is obtained as described Figure 5.6. See Section 

5.5.1 for details about the calculation of the average shear strain for plates in this 

study. Figures 6.6 to 6.11 show the applied shear stress versus the average shear 
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strain diagrams for both solid plates and plates with reinforced openings. The 

behavior of the solid plate is also shown in these diagrams, in order to compare 

the behavior of the reinforced plates with that of solid plates. These figures also 

include the behavior of plates with unreinforced openings, which corresponds to 

the case of tr It = O. Essentially, thickness of the reinforcement tr =0 mm 

indicates no reinforcements. Figures 6.6 and 6.7 show the shear stress-strain 

diagrams for plates with flat-reinforcements. Figures 6.8 and 6.9 show the shear 

stress-strain diagrams for plates with lip-reinforcements. Figures 6.10 and 6.11 

show the shear stress-strain diagrams for plates with angle-reinforcements. For 

each reinforcement configuration, only plates with two extreme slenderness 

analyzed (i.e. hlt=50 and hlt=200) are shown in these figures for the purpose of 

illustration. Each figure shows the shear stress-strain relationships as the size of 

the reinforcement (tr It) increases. One should note that only selected' tr It' values 

are plotted in Figures 6.6 to 6.11 for the purpose of illustration. It can be observed 

from Figures 6.6 to 6.11 that solid plates are generally stiffer than plates with both 

unreinforced and reinforced openings. In another word, openings in plates tend to 

decrease the stiffness of plates even though the openings were properly reinforced 

to recover to the ultimate shear strength of solid plates. Also in general, increasing 

reinforcement thickness tr increases the stiffness as well as the strength. 
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Figures 6.12 and 6.13 show the deformed shapes of plates magnified by 10% 

and the band plots for the effective stress at the top surfaces of plates at the failure 

load level. Figure 6.12 is for plates with hlt=50 (thick plate) and Figure 6.13 is for 

plates with hlt=200 (thin plate), respectively. The plates shown in these two 

figures include both plates without reinforcement and plates with adequate 

reinforcements to restore the shear strength reduced by the opening. At this point, 

adequate reinforcement means a reinforcement scheme that restores the strength 

of the solid plate; however, later sections quantify the adequacy of reinforcements. 

It can be seen from Figures 6.12 and 6.13 that, before reinforcements are applied, 

plates with 60% openings (de 1h=0.6) fail at the four corners of the openings for 

both hlt=50 and hlt=200. With adequate reinforcements, plates fail in diagonal 

shear failure outside of the opening region. 

Tables 6.1 to 6.12 record the ultimate shear capacities of plates with 

reinforced openings obtained from the finite element analysis. Three 

reinforcement schemes were evaluated. For each reinforcement scheme, four 

different 'hit' values of plates, namely hlt=50, 100, 150 and 200, were analyzed. 

Thus twelve tables were generated. These tables have four columns. The first 

column indicates the thickness of the reinforcement (tr It). As stated before, the 

, tr It' values were generally increased at an incremental step of one. Only for 

Tables 6.3 and 6.4, additional half steps were made in order to obtain enough data 

points for the later associated diagrams. The second column records the ultimate 
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shear strength of plates with different amount of reinforced opening. In the third 

column, the ultimate shear strengths of plates with reinforced openings are 

normalized by the ultimate shear strength of the corresponding solid plates, in 

order to show the relative benefit of the reinforcement. The last column calculates 

the percentage increase in the ultimate shear strength of plates with increasing 

reinforcement size (tr It'). The analyses were carried until the percentage increase 

in the ultimate shear strength of plates is less than 1.0%, essentially, no further 

increase in shear strength. 

Figures 6.14 to 6.17 show the plots of the ultimate shear strength of plates 

with reinforced openings normalized by the ultimate shear strength of the 

corresponding solid plates versus 'tr It' for plates with different reinforcement 

schemes. By observing the normalized shear strengths, it can be seen from these 

figures that, all three reinforcement schemes are capable of restoring the shear 

strength of plates reduced from the centrally located square openings. When 

enough reinforcements are applied, the ultimate shear strength of a plate with a 

square opening can even increase beyond its original shear strength when the plate 

is solid. Especially for thin plates, for example, when hlt=200, Figure 6.17 shows 

that the ultimate shear strength of a plate with flat-reinforcement around the 

opening can be as high as about 1.5 times the original shear strength of a solid 

plate. This can be attributed to the fact that the reinforcement actually divided the 

plate into three panels. Figure 6.18 shows the three parts divided by a 
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flat-reinforcement. Part 1 and part 2 are the regions outside of the opening and 

part 3 is the region of the reinforced opening. In the case of this study, part 1 and 2 

are square panels. When enough reinforcements are provided, the plate fails in the 

regions outside of the opening, which are part 1 and part 2 in Figure 6.18. The 

ultimate shear strength of such reinforced plate must be comparable to the 

ultimate shear strength of part 1 or part2, which are essentially two square panels. 

In Chapter 5, it was shown that the ultimate shear strength of a plate with a square 

opening decreases as the aspect ratio (a/h) increases. Thus, with proper opening 

reinforcement, the effective a/h of the plate actually decreases, causing the 

ultimate shear strength to increase relative to the original solid plate. For example, 

from Table 6.4, it can be seen that when h1t=200, with enough reinforcement 

(tr/t=3.5), 'tul(reinf.)=84.7MPa. From Table 4.4 in Chapter 4, it can be seen that 

for plates with h1t=200 and a/h=1, 'tu1(a/h=1) =81.50MPa. Thus, when enough 

reinforcement is applied, the ultimate shear strength of a plate with a/h=3 and 

reinforced opening is comparable to the ultimate shear strength of a solid plate 

with a/h=l. 

6.4.2 Effects of Reinforcement Thickness 

Tables 6.1 to 6.12 show that for all three reinforcement schemes, as the 

thickness of the reinforcement (tr It) increases, the ultimate shear strength of the 

reinforced plate increases. From Figures 6.14 to 6.17, it can be seen that, the 

ultimate shear strength of plates with reinforced openings increases approximately 
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linearly as 'tr It' increases at the initial portion of the diagram, but the increase in 

the ultimate shear strength eventually fades out as the 'tr It' values increase 

further. Moreover, for thin plates, it tends to be easier to restore the shear capacity 

by all three reinforcement schemes. For example, for a plate with hlt=50 (Table 

6.1), a flat-reinforcement with tr/t=6 is able to restore the shear capacity of a 

plate with opening to the shear capacity of a solid plate. However, for a plate with 

hlt=200 (Table 6.4), a flat-reinforcement with tr It=1.5 is enough to restore the 

shear capacity of a plate with opening to the shear capacity of a solid plate. 

Similar situation happens to the lip-reinforcement and the angle-reinforcement 

schemes. 

6.4.3 Effects of Reinforcement Configuration 

Since the total width (hr) is fixed as 20mm, and since the length of the 

reinforcement is approximately equal to the perimeter of the opening for all three 

reinforcement configurations, the reinforcement scheme with the least' tr It' value 

which can restore the shear strength of plates with openings to the shear strength 

of solid plates may be considered as the most effective reinforcement scheme. 

Figures 6.14 to 6.17 compare the ultimate shear strength of plates with different 

reinforcement configurations as the size of the reinforcements (t r It) increases. It 

can be seen that for plates with all 'hit' values, the flat-reinforcement scheme can 

restore the ultimate shear strength of a plate with a opening to that of a solid plate 
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Table 6.1 Ultimate Shear Strength of Plates with Flat-Reinforcement for 
Different tr / t Values (hlt=50) 

Ultimate Strength of the Corresponding Solid Plate: 'tu1(solid) =191.6 MPa 

tr / t 't ul(reinf .) (MPa) 't ul(reinf.) / 't ul(solid) %Increase in 't ul(reinf .) 

0.0 31.3 0.16 101.0 
1.0 62.9 0.33 49.4 
2.0 94.0 0.49 33.5 
3.0 125.5 0.65 25.2 
4.0 157.1 0.82 18.7 
5.0 186.5 0.97 8.7 
6.0 202.7 1.06 0.1 
7.0 202.8 1.06 

Table 6.2 Ultimate Shear Strength of Plates with Flat-Reinforcement for 
Different tr / t Values (hlt=100) 

Ultimate Strength of the Corresponding Solid Plate: 'tu1(solid) =113.1 MPa 

tr / t 't ul(reinf .) (MPa) 'tu1(reinf.) / 'tu1(solid) %Increase in 't ul(reinf .) 

0.0 23.6 0.21 166.6 
1.0 62.9 0.56 59.0 
2.0 100.0 0.88 28.8 
3.0 128.8 1.14 17.2 
4.0 151.0 1.33 0.9 
5.0 152.4 1.35 
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Table 6.3 illtimate Shear Strength of Plates with Flat-Reinforcement for 

Different tr / t Values (hlt=150) 

Ultimate Strength of the Corresponding Solid Plate: 'tu1(solid) =74.5 MPa 

tr / t 't ul(reinf .) (MPa) 't ul(reinf.) / 't ul(solid) %Increase in 't ul(reinf .) 

0.0 19.3 0.26 203.9 

1.0 58.7 0.79 32.7 

1.5 77.8 1.05 21.1 

2.0 94.3 1.27 13.5 

2.5 107.0 1.44 1.1 

3.0 108.1 1.45 0.7 

3.5 108.9 1.46 

Table 6.4 illtimate Shear Strength of Plates with Flat-Reinforcement for 

Different tr / t Values (hlt=200) 

Ultimate Strength of the Corresponding Solid Plate: 'tu1(solid) =56.0 MPa 

tr / t 't ul(reinf.) (MPa) 't ul(reinf.) / 't ul(solid) %Increase in 't ul(reinf.) 

0.0 17.0 0.30 101.7 

0.5 34.2 0.61 46.5 

1.0 50.1 0.90 32.8 

1.5 66.6 1.19 19.9 

2.0 79.8 1.43 4.1 

2.5 83.1 1.48 1.3 

3.0 84.1 1.50 0.7 

3.5 84.7 1.51 
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Table 6.5 Ultimate Shear Strength of Plates with Lip-Reinforcement for 

Different tr / t Values (h1t=50) 

Ultimate Strength of the Corresponding Solid Plate: 'tul(solld) =191.6 MPa 

tr / t 't ul(re inf.) (MPa) 't ul(reinf.) / 't ul(solld) %Increase in 't ul(reinf.) 

0.0 31.3 0.16 45.5 

1.0 45.5 0.24 48.3 

2.0 67.6 0.35 33.7 

3.0 90.3 0.47 26.3 

4.0 114.1 0.60 24.1 

5.0 141.5 0.74 19.0 

6.0 168.3 0.88 15.9 

7.0 195.1 1.02 3.4 

8.0 201.8 1.05 0.2 

9.0 202.1 1.06 

Table 6.6 Ultimate Shear Strength of Plates with Lip-Reinforcement for 

Different tr / t Values (h1t=100) 

Ultimate Strength of the Corresponding Solid Plate: 't ul(solld)=113.1 MPa 

tr / t 't ul(reinf.) (MPa) 'tul(reinf.) / 'tul(solld) %Increase in 't ul(reinf .) 

0.0 23.6 0.21 65.9 

1.0 39.1 0.35 34.4 

2.0 52.6 0.47 30.7 

3.0 68.8 0.61 24.3 

4.0 85.5 0.76 20.4 

5.0 102.9 0.91 17.8 
6.0 121.3 1.07 11.4 

7.0 135.1 1.19 3.7 

8.0 140.1 1.24 0.3 

9.0 140.6 1.24 
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Table 6.7 Ultimate Shear Strength of Plates with Lip-Reinforcement for 

Different tr / t Values (h/t=150) 

Ultimate Strength of the Corresponding Solid Plate: 't'ul(solld) =74.5 MPa 

tr / t 't' ul(reinf .) (MPa) 't'ul(reinf.) / 't'ul(solid) %Increase in 't'ul(reinf .) 

0.0 19.3 0.26 65.9 

1.0 32.0 0.43 32.6 

2.0 42.5 0.57 26.8 

3.0 53.9 0.72 23.3 

4.0 66.4 0.89 17.6 

5.0 78.1 1.05 11.7 

6.0 87.3 1.17 4.5 

7.0 91.1 1.22 3.4 

8.0 94.3 1.27 0.8 

9.0 95.0 1.28 

Table 6.8 Ultimate Shear Strength of Plates with Lip-Reinforcement for 

Different tr / t Values (h/t=200) 

Ultimate Strength of the Corresponding Solid Plate: 't' ul(solid) =56.0 MPa 

treinf. / t 't'ul(reinf .) (MPa) 't'ul(reinf.) / 't'ul(solid) % Increase in 't'ul(reinf .) 

0.0 17.0 0.30 51.1 

1.0 25.6 0.46 37.6 

2.0 35.3 0.63 21.2 

3.0 42.8 0.76 15.2 

4.0 49.3 0.88 11.3 

5.0 54.8 0.98 5.4 

6.0 57.8 1.03 5.7 

7.0 61.1 1.09 4.8 

8.0 64.0 1.14 2.7 

9.0 65.7 1.17 0.9 

10.0 66.3 1.18 
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Table 6.9 Ultimate Shear Strength of Plates with Angle-Reinforcement for 

Different tr I t Values (hlt=50) 

Ultimate Strength of the Corresponding Solid Plate: 'tul(solid) =191.6 MFa 

tr It 'tu1(reinf .) (MPa) 'tu1(reinf.) l'tu1(solid) %Increase in 'tu1(reinf .) 

0.0 31.3 0.16 81.5 

1.0 56.8 0.30 46.3 

2.0 83.1 0.43 29.9 

3.0 108.0 0.56 20.2 

4.0 129.8 0.68 19.6 

5.0 155.3 0.81 14.7 

6.0 178.1 0.93 12.1 

7.0 199.6 1.04 1.1 

8.0 201.8 1.05 0.3 

9.0 202.4 1.06 

Table 6.10 Ultimate Shear Strength of Plates with Angle-Reinforcement for 

Different tr I t Values (hlt=100) 

Ultimate Strength of the Corresponding Solid Plate: 'tu1(solid) =113.1 MPa 

tr It 't ul(reinf.) (MPa) 't ul(reinf.) I 't ul(solid) %Increase in 't ul(reinf.) 

0.0 23.6 0.21 128.5 

1.0 53.9 0.48 40.4 

2.0 75.7 0.67 27.2 

3.0 96.3 0.85 18.7 

4.0 114.3 1.01 14.4 

5.0 130.8 1.16 10.3 

6.0 144.2 1.27 1.1 

7.0 145.8 1.29 0.6 

8.0 146.6 1.30 
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Table 6.11 Ultimate Shear Strength of Plates with Angle-Reinforcement for 

Different tr / t Values (hlt=150) 

Ultimate Strength of the Corresponding Solid Plate: 'tu1(solid) =74.5 MPa 

tr / t 't ul(reinf.) (MPa) 't ul(reinf.) / 'tu1(solid) %Increase in 't ul(reinf.) 

0.0 19.3 0.26 165.0 

1.0 51.2 0.69 47.9 

2.0 75.7 1.02 27.2 

3.0 96.3 1.29 5.1 

4.0 101.2 1.36 1.4 

5.0 102.6 1.38 0.7 

6.0 103.3 1.39 

Table 6.12 Ultimate Shear Strength of Plates with Angle-Reinforcement for 

Different tr / t Values (hlt=200) 

Ultimate Strength of the Corresponding Solid Plate: 'tu1(solid) =56.0 MPa 

tr / t 't ul(reinf.) (MPa) 't ul(reinf.) / 't ul(solid) %Increase in 't ul(reinf .) 

0.0 17.0 0.30 162.6 

1.0 44.6 0.80 54.2 

2.0 68.7 1.23 14.8 

3.0 78.8 1.41 1.2 

4.0 79.8 1.43 0.6 

5.0 80.3 1.43 
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(a) Flat-Reinforcement 

(b) Lip-Reinforcement 
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(c) Angle-Reinforcement 

Figure 6.1 Shear Reinforcement Schemes (a) Flat-Reinforcement 
(b) Lip-Reinforcement (c) Angle-Reinforcement 
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Figure 6.2 Joist Web Hole Patch Recommended by The AISI (2001) Standard 
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(a) 

(b) 

Figure 6.3 Surfaces Formed in the Finite Element Model (a) overall view (b) 
close-up view of the reinforced opening. 
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Figure 6.4 Lines Formed for the Reinforcement Lip 
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(a) Flat-Reinforcement 

(b) Lip-Reinforcement 

(c) Angle-Reinforcement 
Figure 6.5 Mesh Configuration for Different Reinforcement Schemes 
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Figure 6.7 Applied Shear Stress Versus Average Shear Strain for Plates with 
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Lip- Reinforcement (h/t=200) 
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Model 
Description 

Deformed Shape and The Effective Stress Failure 
at the Failure Load Level for Thick Plates Descriptions 

No Deformed Shape Magnified by 10%: 
Reinforcement 

Flat- Deformed Shape Magnified by 10%: 
Reinforcement 
t r /t=6, 

't ul(Reinf .) 

't ul(Solid) 

1.058 

= 

Effective Stress: 
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• Diagonal 
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at the 
opening 
region 

• Plasticity 
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opening 
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Lip
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Figure 6.12 10% magnified Deformed Shape of Plates at Failure Load for Plate 

with (hlt=50) 
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Model 
Description 

No 
Reinforcement 

Flat
Reinforcement 
tr/t=2, 

't ul(Reinf ,) 
= 

't ul(Solid) 

1.426 

Deformed Shape and The Effective Stress at Failure 
the Failure Load Level for Thick Plates Descriptions 

Deformed Shape Magnified by 10%: 

Effective Stress: 

Deformed Shape Magnified by 10%: 

Effective Stress: 
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Figure 6.13 10% magnified Deformed Shape of Plates at Failure Load for plates 

with hlt=200 
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Figure 6.18 Three parts divided by the flat-reinforcement 
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Chapter 7 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Summary 

As the demand for higher strength, lighter weight, and more versatile 

structural materials increases, steel especially cold-formed steel are utilized as 

structural material in more and more buildings. Structural cold-formed steel 

sections can be used as joists, truss members, and studs; they can be also used as 

frame systems, floor systems and wall systems, etc. Thus, it is common to see 

openings in these plated structures for all kinds of reasons, such as for water pipes, 

plumbing, electric wiring, etc. Relatively large openings are also required 

sometimes to allow access for building maintenance and inspections. 

In cold-formed steel sections, openings are often introduced in the web of a 

beam or a column. Existence of large openings can greatly influence the behavior 

of sections. The structural behavior of steel members with all different kinds of 

web openings has been investigated for many years. Considerable progress has 

been made in the investigation of plated structures having openings. However, 

very limited studies were found on the behavior of plates with openings subjected 

to shear loads, especially for thin cold-formed steel plates. Therefore, this research 

investigated the behavior of steel plates (ranging from thick to thin plates) with 

centrally located square openings subjected to shear loads using the finite element 

models. Once the behavior of web panels with openings is established, 
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reinforcement schemes were proposed on the web panels to compensate for the 

reduction of strength and stiffness caused by the openings. Three reinforcement 

schemes, namely the flat-reinforcement, the lip-reinforcement and the 

angle-reinforcement, were evaluated in this research. 

7.2 Conclusions 

This section presented the important findings obtained through the finite 

element analysis to satisfy the objectives of this research. These findings are 

summarized in point forms as the following: 

Behavior of Square Plate under Uniaxial Compression 

• The finite element model can predict the buckling load and the ultimate 

strength of the plate under compression with reasonable accuracy. 

• The compressive ultimate strengths obtained from finite element modeling 

are very similar to those obtained from the AISI (2007) method for relative 

thicker plates; but are slightly higher than those calculated from the AISI 

(2007) for thinner plates. 

• The maximum difference between the results obtained from the two 

methods is about 14%, which occurs when hlt=200 (the thinnest plate). This 

may be caused by the fact that thin plates tend to have more post-buckling 

strength and the AISI (2007) method may have under-estimated the 

post-buckling strength of plates under compression. 
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Shear Behavior of Solid Plates 

• The ultimate shear strength of a plate decreases as the slenderness ratio (hit) 

of the plate increases. 

• The ultimate shear capacity of a plate also decreases, but to a lesser extent, 

as the aspect ratio (a/h) of the plate increases. 

• The post-buckling strength of thin plates can be many times larger than the 

shear-buckling strength of them. 

• By ignoring the post-buckling strength of thin plates, the AISI (2007) has 

underestimated the shear strength of thin plates. 

• The current AISI (2007) specification has over conservatively estimated the 

ultimate shear strength of thin webs. 

• The AISI (2007) code equations of calculating the shear strengths of webs 

were modified according to the data obtained from the finite element 

analysis to include the post-buckling strength. 

• The modified AISI (2007) Code method of calculating the shear strength of 

webs is able to better estimate the ultimate shear strength of solid web 

plates. 
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Shear Behavior of Plates with Openings 

• Centrally located square opening can significantly reduce the ultimate shear 

strength of the plate. 

• The parametric study has shown that the opening size is the primary 

parameter influencing the ultimate shear strength of plate. 

• The reduction in the ultimate shear strength displays an approximately 

linear relationship with the increase of the opening sizes. 

• The ultimate shear strength decreases as the slenderness of the plate 

increases. However, the extent of the effect on the ultimate shear strength of 

plate decreases as the openings size increases. 

• The ultimate shear strength of plates with square openings tends to increase 

as the plate aspect ratio increases. However, the increasing in the ultimate 

shear strength tends to decrease and eventually fades out as the aspect ratio 

increases. 

• The aspect ratio is the least significant parameter in the sense of affecting 

the ultimate shear strength of plates with square opening as compared to the 

other two parameters. 

• The AISI (2007) tends to underestimate the ultimate shear strength of thick 

to moderate thick plates with square openings, but overestimate the ultimate 

shear strength of thin plates with square openings. 
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• A new equation of estimating the shear reduction factor ( qs ) for web plates 

with centrally located square opening was proposed based on the finite 

element analysis. 

• The proposed equation is able to better estimate the ultimate shear strength 

of plates with centralized square openings. 

Shear Behavior of Plates with Reinforced Openings 

• The ultimate shear strength of the reinforced plate increases as the size of 

the reinforcement ( tr It) increases. 

• It tends to be easier to restore the shear capacity by all three reinforcement 

schemes for thin plates. 

• All three reinforcement schemes are capable of restoring the ultimate shear 

strength of a plate with a square opening to that of a solid plate if enough 

reinforcements are provided. 

• The flat-reinforcement is the most effective way comparing the other two 

reinforcement schemes. 

• The lip-reinforcement is the least effective reinforcement configuration to 

restore the shear capacity of plates with square opening. 
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7.3 Recommendations for Future Study 

The following studies are recommended for future studies on the 

reinforcement schemes for cold-formed steel sections having large web openings. 

• This study only considered plates with centrally located square openings. 

Future studies can consider different types and locations of 

unreinforcedlreinforced openings. 

• This study only considered opening reinforcements for plates under pure 

shear loads. Future studies can consider different types of loads or their 

combination loads. 

• This study only evaluated three reinforcement schemes. Future studies can 

investigate a variety of different types of reinforcement schemes for the 

openings. 

• This study examined different opening reinforcement schemes for plates 

with the aspect ratio equal to 3 (a!h=3). A future study could apply 

reinforcements on plates with larger aspect ratios (i.e. longer plates). 
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