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ABSTRACT
A column in architecture and structural engineering is a vertical structural element that transmits, through compression, the weight of the structure above to other structural elements below. Other compression members are often termed columns because of the similar stress conditions. Columns can be either compounded of parts or made as a single piece. Columns are frequently used to support beams or arches on which the upper parts of walls or ceilings rest.[1]
In the case of an ideal column under an axial load, the column remains straight until the critical load is reached. However, the load is not always applied at the centroid of the cross section, as is assumed in Euler buckling theory.[2] In practice, for a given material, the allowable stress in a compression member depends on the slenderness ratio Leff / r and can be divided into three regions: short, intermediate, and long. 

For an axially loaded straight column with any end support conditions, the equation of static equilibrium, in the form of a differential equation, can be solved for the deflected shape and critical load of the column. With hinged, fixed or free end support conditions the deflected shape in neutral equilibrium of an initially straight column with uniform cross section throughout its length always follows a partial or composite sinusoidal curve shape, and the critical load is given by
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Where

· E is the Young's modulus of the column material, 

· I is the area moment of inertia of the cross-section, and 

· L is the length of the column. 

Note that the critical buckling load decreases with the square of the column length.
INTRODUCTION
Compression members, such as columns, are mainly subjected to axial forces. The principal stress in a compression member is therefore the normal stress, 
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The failure of a short compression member resulting from the compression axial force looks like, 
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However, when a compression member becomes longer, the role of the geometry and stiffness (Young's modulus) becomes more and more important. For a long (slender) column, buckling occurs way before the normal stress reaches the strength of the column material. For example, pushing on the ends of a business card or bookmark can easily reproduce the buckling.[3]
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For an intermediate length compression member, kneeling occurs when some areas yield before buckling, as shown in the figure below. 
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In summary, the failure of a compression member has to do with the strength and stiffness of the material and the geometry (slenderness ratio) of the member. Whether a compression member is considered short, intermediate, or long depends on these factors.
SOME BASIC TERMS
a) Slenderness: The ratio of effective length to the radius of gyration of column.

b) Radius of Gyration: The least effective theoretical radius from the centroid in the cross section of the column.

K=√I/A

Where,

K= Radius of gyration

I= Moment of inertia

A= cross sectional area

c) Buckling load: The least load that can cause buckling

d) Crushing Load: The least load that can crush the column.

e) Factor of Safety: Crushing load or buckling load is divided by a “Factor of Safety” to get “Safe Load”. Its value usually varies from 2 to 5.

f) Eccentricity: The distance from the point of application of load from the centroidal axis of the column. 
DESIGN CONSIDERATIONS:
In practice, for a given material, the allowable stress in a compression member depends on the slenderness ratio Leff / r and can be divided into three regions: short, intermediate, and long. 

Short columns are dominated by the strength limit of the material. Intermediate columns are bounded by the inelastic limit of the member. Finally, long columns are bounded by the elastic limit (i.e. Euler's formula). These three regions are depicted on the stress/slenderness graph below, 
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The short/intermediate/long classification of columns depends on both the geometry (slenderness ratio) and the material properties (Young's modulus and yield strength). Some common materials used for columns are listed below: 

	Material
	Short Column
(Strength Limit)
	Intermediate Column
(Inelastic Stability Limit)
	Long Column
(Elastic Stability Limit)

	
	Slenderness Ratio ( SR = Leff / K)

	Structural Steel
	SR < 40
	40 < SR < 150
	SR > 150

	Aluminum Alloy AA 6061 - T6
	SR < 9.5
	9.5 < SR < 66
	SR > 66

	Aluminum Alloy AA 2014 - T6
	SR < 12
	12 < SR < 55
	SR > 55

	Wood
	SR < 11
	11 < SR < (18 ~ 30)
	(18  30) < SR < 50


In the table, Leff is the effective length of the column, and r is the radius of gyration of the cross-sectional area, defined as, K=√I/A
TYPES OF COLUMNS:
A. With respect to length:[4]
· Long columns
· Short columns
Long Columns: Their length is greater than 15 times their least dimension. Their Slenderness ratio is more than 80. They usually fails by buckling or crippling.

Short columns: Their length is less than 15 times their least dimension. Slenderness ratio is less than 80. They usually fail by crushing due to direct stress and not by buckling or crippling.

B. With respect to loading pattern

· Axially loaded columns

· Eccentrically loaded columns

Axially loaded columns: When the load is acting exactly on the centroidal axis of the column, it is called axially loaded column.

Eccentrically loaded columns: when the load is acting on some distance from the centroidal axis of the column, it is called eccentrically loaded column.
DESIGN FORMULA FOR COLUMNS:[5] Following are the important theoretical and empirical formula for the design of structural columns.

· Euler’s Formula

· Rankin’s Formula

· Secant Formula

· Johnson's parabolic Formula

· Straight line Formula

· Ritter’s Formula.
Governing Equation for Elastic Buckling (Euler’s Formula):
Consider a buckled simply-supported column of length L under an external axial compression force F, as shown in the left schematic below. The transverse displacement of the buckled column is represented by w.
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The right schematic shows the forces and moments acting on a cross-section in the buckled column. Moment equilibrium on the lower free body yields a solution for the internal bending moment M, 
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Recall the relationship between the moment M and the transverse displacement w for an Euler-Bernoulli beam, 
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Eliminating M from the above two equations results in the governing equation for the buckled slender column, 
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Buckling Solutions:

The governing equation is a second order homogeneous ordinary differential equation with constant coefficients and can be solved by the method of characteristic equations. The solution is found to be, 
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The coefficients A and B can be determined by the two boundary conditions.
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Which yields,
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The coefficient B is always zero, and for most values of m*L the coefficient A is required to be zero. However, for special cases of m*L, A can be nonzero and the column can be buckled. The restriction on m*L is also a restriction on the values for the loading F; these special values are mathematically called eigenvalues. All other values of F lead to trivial solutions (i.e. zero deformation). 
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The lowest load that causes buckling is called critical load (n = 1). 
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The above equation is usually called Euler's formula. Although Leonard Euler did publish the governing equation in 1744, J. L. Lagrange is considered the first to show that a non-trivial solution exists only when n is an integer. Thomas Young then suggested the critical load (n = 1) and pointed out the solution was valid when the column is slender in his 1807 book. The "slender" column idea was not quantitatively developed until A. Considère performed a series of 32 tests in 1889. 

The shape function for the buckled shape w(x) is mathematically called an eigenfunction, and is given by,
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Recall that this eigenfunction is strictly valid only for simply-supported columns. 

	Note:
	1.
	Boundary conditions other than simply-supported will result in different critical loads and mode shapes.

	 
	2.
	The buckling mode shape is valid only for small deflections, where the material is still within its elastic limit.

	 
	3.
	The critical load will cause buckling for slender, long columns. In contrast, failure will occur in short columns when the strength of material is exceeded. Between the long and short column limits, there is a region where buckling occurs after the stress exceeds the proportional limit but is still below the ultimate strength. These columns are classfied as intermediate and their failure is called inelastic buckling.

	 
	4.
	Whether a column is short, intermediate, or long depends on its geometry as well as the stiffness and strength of its material. This concept is addressed in the columns introduction page.


Extended Euler's Formula:[6]
In general, columns do not always terminate with simply-supported ends. Therefore, the formula for the critical buckling load must be generalized. 

The generalized equation takes the form of Euler's formula, 
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where the effective length of the column Leff depends on the boundary conditions. Some common boundary conditions are shown in the schematics below:  
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The following table lists the effective lengths for columns terminating with a variety of boundary condition combinations. Also listed is a mathematical representation of the buckled mode shape. 

	Boundary
Conditions
	Theoretical Effective
Length
LeffT
	Engineering

Effective
Length
LeffE
	Buckling Mode Shape

	Free-Free
	L
	(1.2·L)
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	Hinged-Free
	L
	(1.2·L)
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	Hinged-Hinged 
(Simply-Supported)
	L
	L
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	Guided-Free
	2·L
	(2.1·L)
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	Guided-Hinged
	2·L
	2·L
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	Guided-Guided
	L
	1.2·L
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	Clamped-Free
(Cantilever)
	2·L
	2.1·L
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	Clamped-Hinged
	0.7·L
	0.8·L
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	Clamped-Guided
	L
	1.2·L
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	Clamped-Clamped
	0.5·L
	0.65·L
	[image: image31.png]





In the table, L represents the actual length of the column. The effective length is often used in column design by design engineers. 
SUMMARY/CONCLUSION:

· Columns are very important structural members used to transmit the load from beams to the foundation in frame structures and frequently used to support beams or arches on which the upper parts of walls or ceilings rest. 

· In architecture, columns refers specifically to such a structural element that also has certain proportional and decorative features.

· The design of columns demand great skill and authentic knowledge of stress distribution and analysis as well as the phenomenon of crippling, crushing and buckling in structural members.

· From the architectural or aesthetic point of view, columns have a great importance not only in the past but also in the future.

· There is a great chance for the young minds in the field of structural engineering to have innovations in the design of structural columns under a wide range of cross-sections and loading patterns.

NOTES AND REFERENCES
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APPENDIX:

· Buckling load: The least load that can cause buckling

· Crushing Load: The least load that can crush the column.

· Slenderness: The ratio of effective length to the radius of gyration of column.

· Radius of gyration:
· K=√I/A
· Strut: A column erected at an angle (i-e not exactly vertical).
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