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Effect of Residual Stresses and Cold-Straightening 
on the Compressive Resistance of 

Solid Round Steel Columns 
Jin Xu, 2009 

Civil Engineering, Ryerson University 
Toronto, ON, Canada 

ABSTRACT 

The objective of this research is to study the effects of residual stresses and cold-

straightening on the compressive resistance of solid round steel columns. Thermal 

residual stresses in selected solid round sizes were determined from experimental study, 

fmite element analysis, and previous research. In the experimental investigation, classical 

boring-out method using water-jet technology was applied on four samples with different 

diameters. Finite element models were consttucted for the determination of thermal 

residual stresses for columns with 12 different diameters. The results were then compared 

with results obtained from a recent study on the prediction of symmetrical residual 

stresses in solid rounds using X-ray diffraction method. For the non-symmetrical residual 

stresses arising from cold-straightening, the equation developed by Nitta and Thurlimann 

was adopted in the fmite element modeling to study the effect of non-symmetrical 

residual stresses on the compressive resistance of solid round steel columns. The Finite 

Element Analysis has been conducted on different bar diameter (1.5 inch to 12 inch 

diameter) and length, as well as initial out-of-straightness. 
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CHAPTER 1 

INTRODUCTION 

1.1 General 

Antenna towers are used throughout the world by the communications and other 

industries. From radio to high-speed wireless internet, mobile phones to navigation 

system, antenna towers are a critical part of modem wireless communication and other 

industries. Antenna towers are the best choice because they are relatively economical and 

effective for remote transmission, especially in North America where land area is large 

and distances among cities and towns are great. There are a variety of major types of 

antenna towers, including self-supporting, bracketed, guyed and rigid tube towers. Self­

supporting towers are supported entirely by the tower structure and a solid cement or 

concrete base. They are usually with heights up to 120m. Bracketed and guyed towers 

use either brackets or guy wires attached to adjacent buildings or anchors in order to 

provide support to the tower. Such type of antenna towers can be as high as up to 620 m. 

Rigid tube towers make use of a "lattice-style" rigid tube structure to provide internal 

support in a cross-bracing pattetn for the entire height of the tower. While the most 

common use for antenna towers is mounting of communications devices, the same 

construction technologies are used for many other tower fixtures ranging from renewable 

energy to light fixtures. Rigid tube tower structures are popular for low sodium lighting 

installed at outdoor sporting fields and stadiums, and guyed or rigid tube construction is a 

popular method for remote installation of wind turbines or other alternative energy 

systems. 
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Solid round steel columns are commonly used as legs and also as diagonal and 

horizontal members of antenna towers. Steel bars with varying diameters are connected 

together by the joints welded or bolted. The towers are subjected to self-weight, snow 

load, wind load and also earthquake load in seismic area. Although the behaviour of a 

whole tower is rather complicated when subjected to these loads, the resultant forces in 

the members are mainly axial tension or compression. Therefore, the ultimate strength of 

solid round steel column is the most impottant consideration in the tower design. It 

should be noted that, the residual stresses in the steel columns, which may introduced 

during rolling, hear treatment, rotary straightening or other process, and may have 

significant influence on the behaviour of these members. For this reason, the properties of 

the members with residual stresses must be studied in order to get an optimized design 

while satisfying the safety requirements. 

1.2 Need for Investigation 

The behavior of members in tension is relatively simple compared to that of those in 

compression. The mostly used philosophy for steel compression member design at the 

present time is based on the ultimate compressive resistance of the members. Steel 

columns are conventionally classified as short, intermediate, or long members, and each 

category has an associated characteristic behavior. A short column is one, which can 

resist a load equal to the yield load. A long column fails by elastic buckling on which the 

maximum load depends only on the bending stiffness (EI) and length of the member. 

Columns in the intermediate range are most common in tower design. Failure is 

characterized by inelastic buckling and there are many factors affecting the compressive 

resistance of the members, such as, the properties of steel, the slenderness of the member, 
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the end constraints, the shape of the cross-section, initial deflection of the column, 

residual stress, etc. 

Among all factors, initial thermal residual stress has critical effect on the behavior of 

compression members and a lot of work has been done about this topic. However, most 

of the work is about wide flange members. Few research has been done on solid round 

steel members. In compression members with initial residual stresses, early localized 

yielding occurs at some part of the cross section when the loading increases and the 

ultimate strength is appreciably reduced. Furthermore, the fatigue life will be shortened 

due to the presence residual stresses when the tower is subjected to dynamic loads such 

as wind load. Nitta and Thurlimann [ 1962a] has done some research in this area in 1960's 

at Lehigh University. Also, Ding [2000] and Mull [1999] recently carried out research 

work on residual stresses measurements and their effects on the compressive resistance of 

solid rounds. However, they did not study the whole range of column diameters and yield 

stress. Most recently, Sennah et al. (2009, 2008) proposed revised compressive resistance 

equation for solid rounds based on an extensive experimental study on 64 solid rounds 

between 1.5 inch to 4.5 inch in diameter. This proposed equation needed to be extended 

for solid rounds of diameters up to 12 inch as used in practice. 

As a result, there is an urgent need to study the effect of residual stress and cold­

straightening on the compressive strength of solid round steel columns. The present study 

uses both experimental and numerical techniques to estimate the residual stresses in solid 

round bars as well as the associated ultimate strength. 

1.3 Objectives of Study 
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The objective of this research includes: 

• .Determination of residual stresses on solid round steel bars by the boring-out test 

using water-jet technology. Comparison of the results with available data on the 

same specimens using X-ray diffraction method (Roy, 2008). 

• Simulation of formation of thermal residual stresses by the finite element method 

and comparison between experimental results and those from fmite element 

modeling. 

• Studying the effect of residual stresses and cold-straightening on the ultimate 

strength of solid round columns of different slenderness parameters. 

1.4 Organization of Thesis 

This thesis consists of eight chapters. In Chapter 1, the need for the study and the 

objectives of the research are presented. In Chapter 2, related literature on this 

research topic is reviewed for better understanding of the problem. Chapter 3 

presents the experimental investigation of residual stress on solid round steel bars 

using boring-out method with water-jet technology. In Chapter 4, fmite element 

models are used to simulate the residual stress development during the air cooling of 

hot-rolled steel bars. In Chapter 5, effect of cold-straightening on ultimate strength of 

columns is studied by utilizing the FEA models. The steel members are considered 

with no existing residual stress. In Chapter 6 and 7, the effect of symmetrical and 

non-symmetrical residual stress on the ultimate strength of columns is examined 

respectively. Finally, conclusions and recommendations for further research are 

given in Chapter 8. 
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CHAPTER2 

LITERATURE REVIEW 

2.1 General 

This chapter summarizes the previous study pertained to compressive resistance 

of axially loaded steel members emphasizing on solid steel columns. The literature 

review consists of critical-load theory, inelastic buckling of columns, imperfect columns, 

compressive strength of columns with influence of residual stress, out-of-straightness and 

cold-straightening, and prediction of compressive strength with respective of American 

Specification, Canadian Standard and European Code. 

2.2 Critical-Load Theory and Theory of Imperfect Column 

Column strength can be approximated by considering theoretically either (1) a 

. column with mathematically perfect geometry and perfect centroidalloading: critical load 

theory, and (2) a column in which the geometry and/or the loading deviate slightly from 

the perfect: theory of imperfect columns. For practical purposes, some types of columns 

(eg., cold-formed steel columns) can be idealized as perfect, while for other columns (eg., 

hot-rolled or welded built-up structural steel columns), it is necessary to consider the 

effects of the imperfections. 

2.2.1 Critical-Load Theory 

The strength of a perfectly straight prismatic column with perfect central loading 

and well-defmed end restraints is Euler load, PE, as long as the material is still elastic 

when buckling occurs (Galambos, 1998): 
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Where, 

El is the elastic stiffness 

L is the length of the column 

K is the effective length factor 

rr 2EI 
p =--

E (KL) 2 
(2-1) 

When the axial load attains PE, a stable equilibrium configuration is possible even 

in the presence of lateral deflection (Figure 2.la) while the load remains essentially 

constant (Figure 2.1 b path OAB). Even if an initial deflection, and/or an initial load 

eccentricity is present, the maximum load will approach the Euler load asymptotically as 

long as the material remains elastic (curve C in Figure 2.1 b) 

Many practical columns are in a range of slenderness where at buckling portions 

of the columns are no longer elastic. The stiffness of the column is reduced by yielding, 

which may be a result of the nonlinearity in the material itself or it may be due to partial 

yielding of the cross section at points of compressive residual stress. The post-buckling 

behavior of such a column is radically different from the elastic column. Bifurcation 

bulking occurs at the tangent modulus load, point Din Figure 2.1c, 

(2-2) 

Where, Et is the tangent modulus, which is the slope of the stress-strain curve at a load 

level (Figure 2.2) when the material is non-linear. 
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Further lateral deflection is possible only if the load increases. If there are no further 

changes in stiffness due to yielding, the load would asymptotically approach the reduced 

modulus load as the deflection becomes large, (PointE in Figure 2.lc): 

p = _1l_2 E_..:...r_I 

r (KL)2 
(2-3) 

Where, Er is the reduced modulus. 

The increase in load is due to the elastic unloading of some fibers in the cross section, 

which results in an increase in stiffness. In presence of residual stress, Et and Er depend on 

the shape of the cross-section. Since increased loading beyond the tangent modulus load 

results in further yielding, stiffness continues to be reduced and the load-deflection curve 

achieves a peak (P max) point E in Figure 2.1 c beyond which it falls off. 

2.2.2 Theory of Imperfect Column 

Geometric imperfections, in the form of tolerable but unavoidable out-of 

straightness of the column and/ or eccentricity of the axial load, will introduce bending 

moment from the onset of loading, and curve G in Figure 2.1c characterizes the 

performance of such a column. Lateral deflection exists from the start of loading, and the 

maximum load is reached when the internal moment capacity at the critical section is 

equal to the external moment caused by the product of the load and the deflection. The 

maximum load is thus a function of the imperfection. For some types of columns the 

nature of the problem is such that the maximum capacity of the imperfect column is 

closely approximated by the tangent modulus load of the perfect column, but for many 

types of columns the imperfections must be included to give a realistic maximum load. In 
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general, the strength of columns must be determined by including the imperfections and 

the material nonlinearity and/or the residual stress effects. The effect of residual stress 

and out-of straightness are two major considerations and the study results about this area 

are presented in the following section. 

2.3 Previous Study on Compressive Resistance of Steel Columns 

2.3.1 Column Ultimate Strength Determined Theoretically and Experimentally 

Steel columns are conventionally classified as short, intermediate, or long 

members, and each category has an associated characteristic type of behavior. A short 

column is one, which can resist a load equal to the yield load. A long column fails . by 

elastic buckling on which the maximum load depends only on the bending stiffness and 

length of the member. Columns in the intermediate range are most common in steel 

structures. Failure is characterized by inelastic buckling and is greatly influenced by the 

magnitude and pattern of residual stresses, the magnitude and shape of the initial 

imperfections and end restraints. These effects lessen for both shorter and longer columns. 

To take into account these effects, a computerized maximum strength analysis 

was performed at Lehigh University on W-shaped and hollow column section. Next, a set 

of 112 column curves was generated for members whose residual-stress distributions 

were available, assuming an initial crookedness of 1/1000 of the column length and zero 

end restraint. Bjorhovde grouped the whole spectrum of column behavior to three column 

curves knows as Structural Stability Research Council (SSRC) Column Strength Curves 

1,2 and 3 (Galambos, 1998). 
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In a pilot investigation conducted from 1954 to 1956, the behavior of 70 mm 

diameter stress-relieved bars was studied experimentally (Fujita and Driscoll1962). Nine 

axially loaded column tests were perfonned. The slenderness ratios of these columns 

ranged from 30 to 73. Comparison with the tangent modulus concept for axially loaded 

columns, and with an inelastic strength theory for the eccentrically loaded columns, 

showed that the ultimate strength of solid round columns might be predicted adequately 

by theory. 

Latter, Galambos and Ueda (1962) reported testing four axially loaded solid round 

columns of 190.5 mm diameter and slenderness ratios of 52, 61, 66 and 67, respectively. 

All four columns were free of thermal residual stresses. However, one column of each 

steel contained relatively high cold-straightening residual stresses, whereas the second 

column of each steel was essentially free of residual stresses. Then, Galambos (1965) 

added the results of the experimental ultimate axial compressive strength of thirteen solid 

rounds with diameter 70 mm and slenderness ratios ranging from 30 to 62. Four columns 

were made of stress-relieved steel, while the other nine columns had residual stresses 

from the manufacturing process and/or cold-straightening. 

Most recently, Mull (1999) experimentally determined the compressive resistance 

of forty steel solid round specimens for five different diameters ranging from 31.75 mm 

to 57.15 mm. Results showed that only sixteen of the forty specimens had load 

eccentricities less than or equal to 1/500th of the effective length of the specimen. For 

these sixteen specimens, the ratio of the resistance computed from the superseded 

Canadian Standard "Limit States Design of Steel Structures", CAN/CSA-S 16.1-94 (CSA, 

1994) to the experimental failure loads ranged from 0.98 to 0.79 and, for resistances 
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computed from AISC-LRFD Specification (1993), the ratios ranged from 1.10 to 0.89. 

Sennah and Wahba (2002) tested six solid rounds of 109.5 mm diameter and 762 mm 

length of slenderness ratio of20. Three of these columns were typical and made of stress­

relieved steel. The other three columns were similar but made of non-stress-relieved steel. 

They concluded that CSA-S37-0l(CSA, 2001) specifies the compressive resistance of 

solid round columns, which is conservative by about 20% in case of non-stress-relived 

steel and 23% in case of stress-relieved steel. Also, they concluded that AISC-LRFD 

Standard is conservative by about 14% in case of non-stress-relieved solid rounds and by 

24% in case of stress-relieved solid rounds. 

2.3.2 Influence of Residual Stress 

Residual stresses in structural steel shapes and plates result primarily from uneven 

cooling after rolling of hot-rolled steel column. The quick cooling parts of sections when 

solidified resist further shortening, while those parts that are still hot tend to shorten 

further as they cool. The net result is that the area that cooled more quickly has residual 

compressive stresses, while the slower cooling areas have residual tensile stresses. In the 

elastic region, residual stresses and initial crookedness have a significant influence on the 

strength of solid round bars. These stresses are of particular importance for columns with 

slenderness ratio varying from approximately 40 to 120, a range that includes a very large 

percentage of real-world columns. For materials which are quenched without stress 

relieving, the effect of residual stresses is significant (Galambos 1965). A few authors 

(among them: Hetenyi, 1957; Watanabe et al., 1955; Buhler, 1954; Ding, 2000) measured 

experimentally the residual stress in cylindrical steel columns by the boring-out technique. 
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According to the study by Nitta and Thiirlimann (1962b) on the effect of thermal residual 

stress caused by water quenching, for example, carry approximately a 10 to 20% lower 

load than air-cooled or stress-relieved steel columns, provided that the generalized 

slenderness ratio and initial deflections are the same. Most recently, Ding (2000) used the 

classical boring-out method to determine residual stresses on fourteen samples of hot­

rolled solid round steel bars of diameters ranging from 38.1 to 152.4mm. He reached the 

conclusion that initial residual stress can result in remarkable loss of ultimate strength of 

a column, especially when the slenderness parameter of the column is greater than 0.88. 

A few authors utilized analytical and numerical simulation techniques, such as the [mite­

element method, to predict residual stresses produce by the manufacturing process 

(Jahanian, 1995; Toparli and Aksoy, 1991; Kamamato et al., 1985; Weiner and 

Huddleston, 1959). 

Fujita and Driscoll (1962) solved graphically the ultimate strength ofH-shape and 

built-up columns including the effect of residual stresses due to welding. Since these 

particular solutions are not applicable to any other cross sectional shapes in which the 

magnitude and the distribution pattern of residual stresses are different, further studies are 

necessary in order to visualize the true column behavior until failure occurs. 

2.3.3 Influence of Out-of-Straightness 

The initial out-of-straightness (also referred to as initial crookedness or initial 

curvature) also affects the primary column strength. The analysis of the strength of 

inelastic, initially curved columns has either made used of assumed values and shapes of 

the initial out-of-straightness, or can use actually measured data. The former is the most 

common, mostly because the measurements that are available for columns are rare. This 
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applies in particular to the magnitude of the maximum out-of-straightness, normally 

assumed to occur at mid-height of the member. The. latter is usually thought to that of 

half-sine wave (Batterman and Johnston, 1967; Bjorhovde and Tall, 1971). The results 

obtained by the studies of Batterman and Johnston (1967) showed that the separate 

effects of residual stress and initial curvature cannot be added to give a good 

approximation of the combined effects on the maximum column strength. Residual 

stresses have little effect on the maximum strength of very slender columns, either 

straight or initially crooked, which have strength approaching the Euler load. However, 

such columns made of high...;strength steel can tolerate much greater lateral deflection 

before yielding or becoming unstable. The differences in column strength, caused by 

variations in the shape of the residual stress pattern, are smaller for initially curved 

columns than for initially straight columns. 

2.3.4 Influence of Cold-Straightening 

The strength of cold-straightened columns is, in general, greater than that of the 

corresponding as-rolled members because of the improved straightness and redistribution 

of residual stress (Alpsten 1970). According to the study by Nitta and Thiirlimann (1962a) 

on the effect of cold-straightening on the ultimate strength of circular columns, the 

tangent modulus concept cannot be used for prediction of cold-straightening columns, as 

there exists no bifurcation point in the load-deflection curve of cold-straightened column, 

which contains antisymmetric residual stress. The strength depends upon the magnitude 

of the cold-straightening residual stresses and the out-of-straightness remaining after 

cold-straightening operation. Fujita and Driscoll (1962) tested nine axially loaded bars 

and two eccentrically loaded bars (eight USS "T -1" constructional alloy steel bars and 
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one structural carbon steel bars and one structural carbon steel bar). The bars were of 

70mm in diameter, with slenderness ratio (KL/r) ranging from 30 to 73. The bars were 

cold straightened and subsequently stress-relieved, followed by air-cooling. Comparison 

with the theory based on the "tangent modulus" concept for axially loaded column, and 

with an inelastic strength theory for the eccentrically loaded columns shows that the 

ultimate strength of solid round columns may be predicted adequately by the tangent 

modulus concept. 

2.4 Available Standards for Solid Round Steel Column Design 

2.4.1 Structural Stability Research Council (SSRC) Column Strength Curves 

Bjorhovde (1972) examined the deterministic and probabilistic characteristics of 

column strength in general and developed an extensive database for the maximum 

strengths of centrally loaded compression members, covering the full practical range of 

shapes, steel grades, and manufacturing methods. This study resulted in a collection of 

112 maximum-strength column curves. Then, these curves were subdivided into groups 

of curves with a mean or similar curve for each group. The latter defmes the Multiple 

Column Curve Concept (Bjorhovde and Tall, 1971; Bjorhovde, 1972). This resulted in 

three curves known as SSRC column strength curves 1, 2 and 3. None of these column 

curves covered solid round columns. However, based on limited experimental research 

on the compressive resistance of solid rounds carried out as far back as to 1965 

(Galambos, 1965), the superseded version of the Canadian Standard for Antennas, 

Towers, and Antenna-Supporting Structures, CSA-S37-94, assumed the applicability of 

Column Strength Curve 2 of the Structural Stability Research Council (Galambos, 1998) 

to hot-rolled solid round bars 51 mm in diameter and less and to hot-rolled solid rounds 
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greater than 51 mm in diameter that are stress-relieved to manufacturer's 

recommendations after initial cold-straightening at the mill. 

It should be noted that the resulting equations of the SSRC Column Strength 

curve 2, equations 1 to 5 listed below, were obtained for W-shapes and hollow structural 

sections as follows: 

0::SA::S0.15 

0.15 <A ::Sl.O 

1.0 <A ::S 2.0 

2.0 <A ::S 3.6 

3.6 <A :s; 5.0 

where: 

Cr = ¢.A.Fy (1.035- 0.202A- 0.222A2
] 

Cr = ¢.A.Fy (- 0.111 + 0.636A-1 + 0.087 A-2
] 

Cr = ¢.A.Fy [0.009 + 0.087 A-2
] 

Cr = ¢.A.Fy [A-2
] 

(2-4) 

(2-5) 

(2-6) 

(2-7) 

(2-8) 

A= KL ~ ~ ; Fy = yield stress; cp= resistance factor; A = cross-sectional area; A = 
r 1l E 

slenderness function; L = length of member; r = radius of gyration; K = effective length 

factor; E =modulus of elasticity. 

Also, the CSA-S37-94 presented expressions of the compressive resistance of 

solid round bars greater than 51 mm in diameter and not stress-relieved after cold 

~traightening, based on Column Strength Curve 3 of the Structural Stability Research 

Council (Galambos 1998). 

0 <A :s; 0.8 

0.8 <A :s; 2.3 

2.3 <A :s; 5.0 

C r =<p. A. F y [1.093 - 0.622A] 

C r =<p. A. F y [-0.128 + 0.707A.- 1
- 0.102A-2

] 

C r=<p. A . F y [0.008 + 0.792A-2
] 
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2.4.2 Canadian Standard (CSA-837-01) 

Most recently, the Canadian Standard for Antennas, Towers, and Antenna 

Supporting; Structures, CSA-S37-01 , introduced some modifications to the expressions 

found in the superseded version of 1994 for compressive resistance of solid rounds. 

These modifications were based on results of testing a limited number of solid rounds 

back to 1965. The factored axial compressive resistance, Cr, of a member is determined 

by the following formula: 

(2-12) 
where: 

n = 1.34 for hot-rolled round bars 51 mm in diameter and less, and hot-rolled solid round 

bars greater than 51 mm in diameter and stress relieved to manufacturer's 

recommendations after initial cold straightening at the mill. 

n = 0.93 for hot-rolled solid round bars greater than 51 mm in diameter and not stress 

relieved after cold straightening. 

It should be noted that earlier versions of the Canadian Standard "Limit States 

Design of Steel Sttuctures" adopted Equations 2-4 to 2-11 for solid round columns until 

the 1994 version of the standard. However, the current standard "CAN/CSA-S 16-01" 

(2003) omitted these equations due to insufficient data in the literature that supports them 

for the design of solid rounds. According to the AISC-LRFD, "Load and Resistance 

Factor Design Specifications for Structural Steel Buildings", the compressive resistance 

of structural steel members of different shapes is given by: 

C r =<p.A.F cr (2-13) 
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where, 

for A.:::; 1.5 , and (2-14) 

= [0.877]F Fer A2 Y 
forA.> 1.5 (2-15) 

It should be noted that equations 2-14 and 2-15 represent SSRC Column Strength 

Curve 2 and assumed applicable for solid round steel columns by the American Standard 

for Antenna Supporting Structures and Antennas, TIA-222-0.2005 (ANSI, 2005). 

2.4.3 Eurocode 3 

The European Standard for the design of steel structures, Eurocode 3, (CEN, 2003) 

.specifies rules relating to ultimate limit state analysis of the buckling resistance of steel 

linear members and frames susceptible to loss of stability in which buckling will take 

place, using the following equation: 

NEd 1 --< 
Nb ,Rd -

where NEd is design value of the compressive force, Nb,Rd is the design buckling 

resistance of the compression member as obtained from the following equation: 

.z.A.Fy 
NbRd =---

' Y Ml 

(2-16) 

(2-17) 

where A is the column cross-sectional area, Fy is the steel yield strength, 'YMI is a partial 

safety factor of 1.1, and xis a reduction factor for the relevant buckling mode. The value 
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X for the appropriate non-dimensional slenderness parameter, AK, should be determined 

from the relevant buckling curve according to: 

if x=1 (2-18) 

1 

if 
x=----;=== 

k+~k2 -Ak
2 

(2-19) 

where k = 0.5~ + a(J:k - 0.2) + J:k 2 J and a is the imperfection factor being taken as 0.49 

for solid round columns. It should be noted that Eurocode 3 specifies that buckling 

effects may be ignored (i.e. x = 1) and only cross sectional check applies if slenderness 

parameter AK :S 0.2. 

2.4.4 Proposed Equation by Sennah et al.(Sennah et al., 2007a and Sennah et al., 2007b) 

Dr. Sennah from Ryerson University and his group has recently conducted a test 

program on the compressive resistance of non-stress-relieved and stress-relieved steel 

solid rounds. Thirty-three non-stress-relieved steel bars and twenty stress-relieved bars 

have been tested to collapse. A proposed compressive resistance equation for economical 

design of such columns has been concluded. The equation is similar to CSA-S37-01 

Equation but with the parameter n of 1. 7. 

(2-20) 

where n=1.7 for non-stress relieved solid rounds of diameter 190mm and less and stress-

relieved solid rounds. 
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CHAPTER3 

EXPERIMENTAL PROGRAM 

3.1 General 

Thermal residual stresses of round steel columns with four different diameters 

were determined by experimental investigation. The specimens were supplied by 

Electronic Research Inc; (ERI), Sioux City, IA, USA. The dimensions of each specimen 

are shown in Table 3-1. 

3.2 Material Properties 

The elastic properties of the specimens were measured previously by Dr. George 

Roy from Ministry of Natural Resources (Roy, 2008). Two elastic material properties, 

modulus of elasticity, E, and Poisson's ratio, v, were measured on a stress-annealed, 

round, and thin specimen, see Figure 3-1. The stress annealing was carried out through 

heat treatment as follows (Roy, 2008): 

1. Place all the specimens in the furnace at room temperature. 

2. Evacuate air and replace with Argon (to avoid oxidation). 

3. Raise the furnace temperature to 690°C. 

4. Maintain the temperature for 30 minutes. 

5. Furnace-cool in Argon until room temperature. 

The elastic properties were determined non-destructively by ultrasonic 

measurements , of pitch-and-catch time for longitudinal and shear waves and density 

measurements of the steel; shear waves were launched along the 1-3 and 2-4 directions 
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showed in Figure 3-1 . Analysis of the measurements indicated that E and v are 200 GPa 

and 0.3, respectively. Also, the yield stress, Fy, of specimens is 3451\1Pa. 

3.3 Test Methods for Residual Stress Measurements 

There is an abundance of different methods, but a few of them merit a particular 

attention in determining stress states in structural components: 1) X-ray Diffraction 

Method 2) Hole Drilling Method, and 3) Slitting Method. A few other methods, such as 

4) Magnetic Barkhausen Noise Method, 5) Ultrasonic Method and 6) Neutron 

Diffraction Method, can be considered as well. However, methods 1 to 3 can be applied 

to measure stresses in small areas and on site, in particular at weld stress concentration, 

whereas methods 4 to 6 can be used to measure either stresses averaged over a large 

volume of material, or equipment that is not transportable at all. Since in the majority of 

engineering structures, the degradation of material originates in small areas at the 

surface, methods in 1 to 3 will be mainly considered. Among them, the water-jet drilling 

method was chosen in this study for the determination of residual stresses in the solid 

round steel columns. The philosophy of hole drilling method is that, after taking out 

some part of the material with residual stresses, the stresses will be released and the 

stresses in the remaining part will change to a new equilibrium. By measuring the strain 

changes, the residual stresses in the taken-out part can be calculated. 

3.4 Test Set-Up 

The tests were conducted at the workshop of Viking Engineering and Tool 

Company of Toronto, Ontario. The specimens were held in the bed of a water-jet drilling 
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machine (Figure 3-2). Four strain gauges were attached to each specimen and connected 

to a data-acquisition system. 

3.4.1 Water-jet Machine 

The water-jet drilling technique has been in use since 1970. Nowadays, water-jets 

are widely used in the automobile, aerospace, and glass industries, to name a few, to 

create precision patis from hard-to-cut materials. A water jet machining system (Figure 

3-3) uses water that is pressurized to 40, 000 psi or even higher pressure and then forced 

through a small orifice. Garnet abrasive is then pulled into this high-speed stream of 

water and mixed with the water in long carbide mixing tube. A stream of abrasive-laden 

water moving more than 1000 feet per second (300m/s), exits the carbide mixing tube. 

This jet of water and abrasive is then directed at the material to be machined. The main 

advantage of water-jets over other machining methods is that no heat generated during 

machining process. Water-jets abrade material at room temperatures. As a result, there 

are no heat-affected areas or structural changes in material. 

3.4.2 Strain Gauges 

Electric resistance strain gauges, type C2A-06-250LW-120, with a gage length of 

5 mm, electric resistance of 120 n, and a gage factor of 2.075, were chosen to measure 

the strains on the outer surface of the specimen. A properly polished, cleaned surface was 

prepared for each strain gage before fixing it to the specimen. For each specimen, four 

strain gages were installed on the cylinder surface as shown in Figure 3-4. The four strain 
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gages were 90° apart on the transverse plane in the middle of the sample. The strains 

were recorded with quarter-bridge circuit. 

3.4.3 Surface Preparation 

The steel surface preparation is meant to develop a chemically clean surface 

having a roughness appropriate to the gage installation requirements, a surface alkalinity 

corresponding to a pH of 7 or so, and visible gage layout lines for locating and orienting 

the strain gages. First of all, the surface of each specimen was abraded by grinder 

machine and a series of different gird sanding paper to remove the rust, oxides and any 

residual material on the surface; and to develop a surface texture suitable for bonding. 

Solvent degreasing was performed following to remove oils, greases, organic 

contaminants and soluable chemical residues. The acetone was applied by low lint wipe 

paper on an area of approximately 1 in2
. After degreasing, the gage-location layout lines 

was marked on the surface of specimen with a pair of crossed reference lines at the point 

where the strain gage is to be attached. The lines were made perpendicular to each other, 

with one line oriented in the direction of strain measurement, which is the longitudinal 

direction of steel specimen. After the layout lines were marked, M-Prep Conditioner A 

was applied repeatedly, and the surface scrubbed with cotton-tipped applicators until a 

clean tip is no longer discolored by the scrubbing. The neutralizer was applied the same 

manner in advance. 

3.4.4 Strain Gage Installation 

After the surface of sample has been properly polished and prepared, the strain 

gages were attached to the outer surface of the sample with special adhesive at the 
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specific locations. It should be noticed that the catalyst has been used to stimulate the 

hardening of adhesive. A special water resistance coating was also applied after the 

adhesive was hardened and was left for at least 24 hours before submerging in water, in 

order to avoid water disturbance to strain readings during successive drilling steps. The 

samples after installation of strain gages are shown in Figure 3-5. 

3. 5 Test Procedures 

• Surface Preparation: Use grinder machine and abrasive papers to polish the steel 

column surface where the strain gages are to be attached. 

• For each steel column, four strain gages were attached with special adhesive. The 

strain gages were located as 90 degree apart on the transverse plane in the middle 

of the specimen as shown in Figure 3-6. 

• After the adhesive and coating completely hardened, the steel column was 

properly clamped in the bed of water-jet machine by special made holders as 

shown in Figure 3-7. The two holders were of the same height as the specimens, 

which were 3 inch height. The reason of leaving the middle part of V -shape arms 

open is to avoid pressure applied on strain gages by holders. Also, the wires can 

go through the holders and to be connected on DataScan System. 

• The strain gages were then connected to the DataScan system with shielded wires. 

The strain readings of the four gauges were set to zero when the readings become 

stable after installation. 

• Drill the specimen at the centre (Figure 3-8) up to the possible biggest diameter 

(Figure 3-9), following the diameters in tables Table 3-2 to 3-5 for specimen 1 to 
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4 respectively. After each drilling, wait for 3 to 5 minutes until the strain becomes 

steady, and then take the readings of each strain gage. The readings of the four 

strain gages should be set to zero again before the next drilling. The measured 

strains of gages 1 to 4 are also shown in Table 3-2 to 3-5 respectively. Pictures of 

samples after drilling was taken and one of them is shown in Figure 3-10. 

3. 6 Determination of Longitudinal Residual Stress Distribution 

For solid round columns with large length-diameter ratio (>20) used in structures, 

the residual stresses in longitudinal direction are more important than those in other 

directions. Therefore for simplicity, only longitudinal residual stresses are considered 

when analyzing such structures. In this study, the focus is on longitudinal stresses and 

radial and tangential stresses are ignored. 

For a solid cylinder with outer diameter of D, the diameter of inner co-axial hole 

bored is Di, and the average axial strain is £j. The force released by the inner drilled part 

lS 

(3-1) 

Where Ai is the cross-sectional area of the specimen after boring, 

A. = ~(D2 - D .2 ) 
I 4 1 

(3-2) 

E is the modulus of elasticity of steel. 

If a slightly larger hole of diameter Di+l is drilled and £i+l is the measured strain after 

drilling, the force released by the part between Di and Di+ 1 is 

(3-3) 

The average residual stress in axial direction is 
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~+1 
o-i +l = M 

i+l 

The formula for longitudinal residual stress calculation is hence 

(3-4) 

(3-5) 

Equation (3-5) assumes that the strain cj is uniform over the remaining cross-section. 

However, this is not true and a more accurate relationship between the force released and 

the strain measured at mid-height of the specimen can only be obtained by fmite element 

analysis. For this reason, fmite element modeling for each drilling step was used to 

determine the force released. 

The formula (3-1) turns to be 

(3-6a) 

(3-6b) 

where £oi is the strain when unit intetnal force is applied to the specimen after ith boring. 

Then the residual stress will be 

(3-7) 

3. 7 Finite Element Model 

For specimen with different diameters, different models were established for the 

analysis. For the axisymmetry of the cylinders (Figure 3-6), the analysis was carried out 

using 8-node axisymmetric element type (CAX8R) with reduced integration scheme 

provided by ABAQUS software (Hibbett et al, 2008). The element mesh is shown in 
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Figure 3-11. Distributed surface forces were applied on the inner surface to simulate the 

interaction between the drilled-out part and remaining part. The strains at the middle of 

outer surface were obtained for the fmite element analysis. In order to reduce the total 

number of nodes, only a quarter of the total area was modeled for analysis by applying 

proper boundary conditions. To reduce the shear locking problem in fmite elements, the 

second-order elements with reduced integration were used. Appendix A is an example of 

input file for ABAQUS analysis. The results for specimens are shown in Table 3-6 to 3-9 

and Figure 3-12 to 3-15. It is noted that, for the 4.25 inch diameter specimen, the strains 

are negative when the inner diameters are not big enough though the forces applied are 

drag. This is due to the moment effect when the forces are not at the center of geometry. 

3.8 Residual Stress Distribution 

The procedure for analyzing the data obtained is as follows, 

1. The strains for each drilling step were the difference between the step readings 

and the original ones when no hole was drilled. 

2. Four strains for each drilling were averaged and this averaged strain was selected 

for the calculation of residual stresses. 

3. For every averaged strain, the force released by the total area taken out was 

computed by using the fmite element simulation results. 

4. The difference between two successive forces was the force released by the area 

bored out in the step. 

5. Finally, the residual stress was calculated by dividing the force released by the 

area bored. 
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6. The residual stress distribution was obtained by cotTelating the residual stress 

with cotTesponding normalized radius. 

The residual stress distribution calculated from the tests are shown in Table 3-10 to 

Table 3-14 and Figure 3-16 to 3-19. The details of calculations are shown in 

Appendix B: Sample Calculation for Residual Stress Distribution. It should be noted 

that, the readings of gage 3 of Sample 3, gage 3 of Sample 4 were not selected for the 

calculation of averaged strains. The reason is that these readings are negative, which 

are obviously unrealistic since the samples are under compression. The etTor may 

caused by the water leakage during the drilling which can damage the strain gage. 

The readings of gage 4 of Sample 3 were not available due to the improper 

installation of strain gage. 

3.9 Observations 

From the results above, it is observed that, 

1. For Samples 1, 2 and 3, the residual stress distributions are similar. The inner part 

of the solid is in tension and the outside part is in compression. 

2. For Sample 4, the calculated residual stress show etToneous oscillations when the 

diameter of the hole is large compared to the specimen diameter (Ri /R>0.6). 

3. The specimens with larger diameter have relatively greater residual stress then 

those with smaller diameters. 

4. The compressive residual stress at the outer surface is very small compared with 

the tension at the inner surface. This is because the drilling was not performed for 

larger diameter due to the technical limitation: the thickness of the hollow 
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cylinder was too thin to maintain the holding condition. If the drilling can be 

continued up to specimen diameter, the trend line of residual stress should goes 

down more to the negative zone and shows larger compression stress. 

3.10 Error Analysis 

The fmal result of residual stress distribution depends mainly on the accuracy of 

strain readings. There are several factors affecting the strain readings: 

1. The holding of specimen inevitably introduces new stresses due to the clamping 

load. Although only the top and bottom part of specimen were touched by holder, 

the stress generated may still be transferred to middle part where the strain gage 

attached and affect the reading of strain gage. 

2. The water-jet drilling method was chosen to avoid the heat generation during the 

classical drilling process. However, this may cause a new problem: the water 

might damage the strain gage which is highly sensitive to liquid. Although the 

water-resistance coating was adopted, two of the strain gages still showed 

erroneous reading during the test. So, it can be suggested using weldable-strain 

gages that are not affected by water. 

3. The accuracy of the DataScan system is certainly very good; but the connection 

between the sample and the system may be disturbed. The strain readings are very 

sensitive to the environment. 

4. The drilling out part cannot be perfectly centered due to the technical limitation of 

water-jet machine and the residual stress might not be a.xisymmet~ic. Therefore, 

the four strain readings sometimes vary widely. 
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CHAPTER4 

FEA MODELS FOR RESIDUAL STRESS SIMULATION 

4.1 General 

When structural steel members are heat-treated, two different types of stresses, 

namely thermal and transformation stresses (due to plastic flow during rolling or other 

operations), will be produced inside the material. Whenever the strains due to non­

uniformity of the temperature in steel go over the elastic limit of the material, residual 

stresses will stay there after cooling stops. Generally, the formation of such residual 

stresses is mainly influenced by several conditions: the initial temperature, the cooling 

method, the size and shape of the steel member, and the properties of the material. In this 

chapter, a model is developed to predict the residual stresses caused by hot rolling and 

cooling in homogeneous long solid steel. 

4.2 Geometry and Model 

In hot rolling and straightening, the modulus of elasticity and the yield stress are 

very low at high temperature; the stresses in the material are therefore small. Most of the 

residual stress is produced during the cooling period. Hence only the thermal stress is 

modeled in this chapter. This is an uncoupled heat transfer and subsequent thermal stress 

analysis problem. 

4.2.1 Steel Properties 

The following assumptions are made to model the cooling process of hot-rolled 

steel: 
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• The initial temperature of 1038°C (1900°F) is uniformly distributed in the steel. 

• Cooling process takes place in the polar-symmetrical way. 

• There is no variation in temperature along the length of the cylinder. 

• The thermal properties of the material are independent of temperature. 

• The Newton's cooling law applies. 

The thermal properties of steel were as follows: 

• Density: 7832 kg/m3 

• Specific heat: 0.6 kJ/kg oc 

• Thermal conductivity: 58.8 W/m oc 

• The film coefficient on the surface ofthe steel: 193.1 W/m2 oc 

The steel is considered as an elastic, perfectly plastic material, with a yield stress 

that drops linearly with temperature above 121 °C, as shown in Figure 4-1. The steel in 

initially at a uniform temperature, near its melting point and its yield stress is small. It is 

assumed to be stress-free in this condition. 

The steel has the following properties: 

• Young's modulus: 200 GPa 

• Poisson's Ratio: 0.3 

• Yield Stress: 345 MPa for T:S 121 o and 345 [(1-(T-121)/1111)] MPa forT 2: 

121 °C. 

4.2.2 Analysis Procedure 
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The steel is initially at a uniform high temperature; then the surface is cooled in 

air at room temperature. Cooling is allowed to continue until all the steel reaches the 

room temperature. During the heat transfer analysis, the temperature distribution is 

recorded in the ABAQUS results file. 

The temperature-time history recorded during the heat transfer analysis was used 

as input file to the thermal stress analysis. The transient stresses are large enough to cause 

significant plastic flow; so residual stresses will remain after the steel reaches room 

temperature. 

The two-dimensional axisymmetric element was chosen to minimize the size of 

analysis. The length of the steel column was assumed to be 3 inch and the solid element 

was used to simulate the property of steel. 2401 frrst order elements are used in the model. 

The elements of type DCAX4 (axisymmetric 4-node linear element for heat transfer) 

were used for heat transfer analysis; element type CAX4 (axisymmetric 4-node linear 

element) was selected for the thermal stress analysis. The boundary conditions ensure 

that the cross-section plane remains a plane during the history of cooling. 

The analysis consists of a transient heat transfer analysis, followed by a thermal 

stress analysis in which the temperature distribution predicted by the heat transfer 

analysis is used as the loading condition in the problem. ABAQUS makes it very simple 

to transfer temperature data in this way. After running the heat transfer input analysis, 

ABAQUS writes the temperature distribution result in the output database file. Then, in 

the thermal stress analysis, the file parameter following the *TEMPERATURE option is 

used to automatically read these temperatures back into the stress analysis model. This 
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mode of transferring the temperature is based on node numbers; the heat transfer and 

thermal stress analysis models have identical nodal identification number. 

4.2.3 Analysis Parameters 

In the heat transfer analysis, the DELTMAX parameter limits the maximum 

temperature change that may occur in an increment, thus determines the accuracy with 

which the transient temperature solution is integrated in time. It also implies the use of 

automatic time increment, which is desirable in a case where we wish to carry the 

analysis through to steady-state conditions, so that large time increments are used 

towards the end of the solution. In this problem, DELTMX is set to 5.56°C. This choice 

should provide sufficient accuracy in the heat transfer solution to defme the residual 

stress correctly. The initial time increment is suggested to be 20 seconds, and the total 

time period used is 4x 106 seconds. Since the solution should reach steady state, the time 

period specification is rather arbitrary: is has to be long enough to reach steady state. The 

END=SS parameter is also used on the HEAT TRANSFER option, which indicates that 

the analysis should terminate when steady-state conditions are reached. The steady-state 

condition is decided when the time rate of changing of temperature at all nodes falls 

below a specified value: in this analysis, this value is set to be 0.556xl0-6°C. The solution 

terminates when this steady-state condition is satisfied. The specification of total time 

period (assumed 4xl06 seconds in this study) should be large enough to achieve the 

steady-state condition. The minimum time increment should also be specified to avoid 

too small increment that may cause initial oscillations in the solution. 

31 



4.3 Results and Discussions 

The analysis was carried out for different diameters of specimens ranging from 

1.5 inch to 12 inch. Examples of ABAQUS input files for the heat transfer and thermal 

stress analysis are given in Appendix C and Appendix D, respectively. The time histories 

of the stress through the radius are shown in Figures 4-2 to 4-13. The solid line which 

corresponds to the last time point is considered as thermal residual stress distribution. 

Based on results listed in Figures 4-2 to 4-13, the following observations are drawn: 

• For all sizes of samples, the calculated residual stress histories are similar to each 

other, and the residual stress patterns are also alike: tension at centre of steel 

column, compression at outer surface of steel column. 

• The bigger the diameter of steel bar, the greater the residual stresses both in 

tension and in compression. 

• For solid round steel columns with diameter bigger than 4 inch, the tension stress 

at the centre are more than yield stress, which is 345 MPa. This is unrealistic 

since the steel column will fail beyond this stress. This error my due to the 

improper modeling in ABAQUS input file. It seems that only the compression 

yield stress limitation is recognized by the program, but not yield stress in tension. 
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CHAPTERS 

Compressive Resistance of Solid Round Steel Columns with the Effect 
of Initial Out-of-Straightness 

5.1 General 

In order to evaluate the influence of residual stress on the behavior of columns, 

non-linear material and geometric analysis, with and without presence of residual stress, 

was carried out for columns with different slenderness parameters. In this chapter, the 

compressive resistance of solid 'round steel columns without the presence of residual 

stresses was studied. 

Although there might be other factors affecting the ultimate load-carrying 

capacity of concentrically loaded columns, the effect of initial out-of-straightness of 

members would be of major impot1ance. For this reason, the effect of initial deflection 

was considered and investigation was done with FEA model. 

5.2 Geometry and Model 

The solid round steel columns with 12 different diameters ranging from 1.5 inch 

to 12 inch were investigated. For each diameter, the slenderness ratio (length/radius of 

gyration) varies from 20 to 180, which includes most of the ratios of columns used in 

practice. For each slenderness ratio , three different initial deflections was considered, 

they were assumed to be L/2000, L/1000 and L/500 respectively, where Lis the length of 

column. 

5.2.1 Slenderness Parameter 
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The slenderness ratio is defmed as below: 

. KL 
slenderness ratlo= -­

R / 2 

And the normalized slenderness parameter of a column, Ac:,, is defmed as 

where 

(5-1) 

(5-2) 

K is the effective length factor of the column. In this study, both column ends were 

considered pined, where K = 1. 

Lis the length of the column. 

R is the radius of the cross-section of the column. 

Fy is the yield stress of steel. 

E is the elastic modulus of steel. 

In this study, FEA model of steel columns with eight slenderness ratio, meaning eight 

different lengths were established, corresponding to eight different A.c ranging from 0.26 

to 2.38. 

5.2.2 Initial Out-of-Straightness· 

The geometric characteristics of the columns analyzed are shown in Figure 5-l. 

For non-linear material and geometric analysis, there is an initial deflection to the column 
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in the form of a half sine curve. The lateral deflection at different location can be 

calculated as below: 

. JZ· Z 
u(z ) =do ·sin(-) 

L 

where 

(5-3) 

z is the distance from the bottom of column to where the lateral deflection is measured 

u(z) is the lateral deflection at location z. 

do is the deflection at the mid-height of the column. 

Lis the length of the column. 

In this study, three different do values were assumed, namely: L/2000, L/1000 and L/500. 

According to Equation 5-3, the deflection at different location of the column can be 

obtained based on this initial deflection. 

5.2.3 Steel Properties 

The properties of the steel are as follows: 

• Young's Modulus: 200 GPa 

• Poisson's Ratio: 0.3 

• Yield Stress: 345 MPa 

The steel is assumed to be a perfectly elastic-plastic material. Von Mises' yileld 

condition defmes the yielding of the material. 
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5.3 Analysis Procedure 

Based on the presented column sizes and values of initial out-of-straightness, 324 

models were consttucted for geometric non-linearity analysis (12 diameters, 9 lengths for 

each diameter, and 3 different initial deflection for each length). The geometric non­

linearity analysis utilized RIKS method provided by ABAQUS software to predict the 

ultimate strength of round steel columns. The RIKS method solves loads and 

displacement simultaneously by using the load magnitude as an additional unknown. An 

initial load has to be assigned to both ends of the column, and the loading during a RIKS 

step is always proportional to this initial load. Since the loading magnitude is part of the 

solution, a method need to be specified when the step is completed. This stopping 

criterion can be either the value of load proportionality factor or a maximum 

displacement value at a specified degree of freedom. In the fmite element meshes, first­

order 3D solid element types were chosen. From the postbuckling analysis, the load­

deflection history and the ultimate strength for the columns were obtained. Appendix E 

gives an example input file for this analysis. 

5.4 Sensitivity Study 

Sensitivity study was conducted in order to determine the meshing size of the 

model (Figure 5-2) both in longitudinal and lateral direction. 

During ABAQUS modeling, the initial load was applied evenly on all the nodes at 

the bottom and top of the column. After the RIKS analysis, the load-deflection history 

was obtained for each node and the maximum load sustained by each node was 
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determined by the load-deflection histoty curve, which was the node load value of the 

optimum point on the curve. 

In the radial direction, the cross-section of the round column was divided into 

several sections for the meshing purpose. In order to optimize the analysis effect in terms 

of running effort and accuracy of the result, different meshing numbers (number of 

circles in radial direction) has been tested and the result is shown in Table 5-1 and Figure 

5-3 . The steel column used for this sensitivity study was of 1.5 inch diameter and 30 inch 

length. In can be seen that the ultimate load became stable after using more than 8 circles 

in radial direction. However, the cross-section with 5 circles gave very close result to 

higher meshing size while saving lots of analysis effort. Therefore, the cross-section with 

five circles (as shown in Figure 5-3) in radial direction was chosen for ABAQUS 

modeling in this study. 

For the longitudinal direction, the number of elements showed some effect on 

analysis result. By increasing the number of elements, the ultimate strength was kept 

decreasing as shown in Table 5-2. It can be found that the reduction in the ultimate load 

was less than 5% for element number more than 25. Because of restriction on running 

time for large meshing sizes, 25 elements were chosen to minimize the analysis time. 

The other consideration about longitudinal meshing number is the width to length 

ratio for each element. It is known that in the finite element analysis, the length-width 

ratio of any rectangular element should be maintained less than 4 to increase accuracy. 

Therefore, for longer steel column, the element number in the longitudinal direction was 

adjusted to meet this requirement. For column with slenderness ratio of 120, 35 elements 

were used for meshing purpose, and for column with slenderness ratio of 140, 35 
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elements were adopted. For higher slenderness ratio, 40 elements were selected to give 

more accurate result. 

5.5 Results and Discussions 

In the Finite element modeling, 324 models were constructed for postbuckling 

analysis, and 324 ultimate compression strength values were obtained from the load 

history curves. 

For each diameter, the result of the ultimate load with respect to different 

slenderness parameter is summarized. They are shown in Figure 5-4 through 5-15. The 

ultimate resistance load is presented in the manner of maximum load to yield strength 

ratio. It can be observed that, with more initial deflection, the column can carry less load. 

And with higher slenderness ratio, means the column is more slender, the capacity of the 

column will be decreased. The compressive resistance for the column of the same 

diameter can drop dramatically from more than 90% of the yield. strength for shortest 

length to less than 40% for longest length. The Euler Curve is also included in the figures 

to establish the sense on the obtained ultimate load as compared to Euler critical buckling 

load. It can be observed that Euler buckling load follows the trend of the FEA results for 

slenderness ratios more than 1.25. 

The Ultimate load-slenderness parameter curves for different diameters with 

L/500 initial deflection are also summarized together in Figure 5-16. It can be observed 

that all the figures give similar trend and almost coincide with each others. Hence, it can 

be concluded that the column diameter does not have an effect on the ultimate strength 

and that only the slenderness parameter affects the ultimate to yield strength ratio (P u!P y). 
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At the same time, Sennah et al. (2008) proposed column curve for the compressive 

resistance of stress-relived solid round steel columns is also shown in Figure 5-16. One 

may conclude that the proposed column equation by Sennah et al. (2008) which is similar 

to equation 2-20 but with n= 1. 7, can be applied with confidence on column sizes between 

125 and 3 OOmm ( 5" and 12 ") in diameter. 
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CHAPTER6 

Compressive Resistance of Solid Round Steel Columns with the Effect 
of Symmetrical Residual Stress 

6.1 General 

Symmetrical residual stress results mainly from uneven cooling after rolling of 

hot-rolled steel column. The influence of symmetrical residual stresses on the 

compressive resistance of solid round steel columns is addressed in this chapter. Since the 

importance of the effect of initial deflection of members, investigation on the combined 

effects of internal and external imperfections, that is symmetrical residual stress and out-

of-straightness, was done with FEA method. 

6.2 Geometry and Model 

The geometry and properties of the steel columns were both identical with the 

ones presented in the previous chapter. The only difference was the inclusion of 

symmetrical residual stress in the analysis. In ABAQUS, this alternation can be achieved 

by editing the model keyword. The symmetrical residual stress varies from the centre of 

the steel column to the external surface along the radii of each specimen, but distributes 

symmetrically around the vertical z-axis. Hence, the steel column was meshed as in 

Figure 5-2, and each section has been assigned by corresponding symmetrical residual 

stress. 

6.3 Symmetrical Residual Stress 
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The symmetrical residual stress distribution imported to ABAQUS model was . 

obtained from Roy's study (Roy, 2008) about determination of residual stress in 

axisymmetric rods. In this research, X-ray diffraction and slitting method was applied 

successfully to determine residual stress in four solid round bars of diameters 1.5, 2.0, 2.5 

and 4.25 inch and lengths 295, 300, 280 and 360mm. The axial stress distribution along 

the radii is plotted in Figure 6-1. The profile of stress variation across the diameter was 

assembled from two copies of the stress variations in Figure 6-1 and distributed 

symmetrically around the vertical z-axis· as presented in Figure 6-2. 

Based on Roy's result, some modifications were made to predict the symmetrical 

residual stress for verity of diameters and the procedure of calculation is provided in 

Appendix F. For the ABAQUS analysis, these commands have to be added into original 

input file (Appendix E) by keyword editing function to simulate the symmetrical residual 

stress: 

*INITIAL CONDITIONS1TYPE=STRESS 
ELSET11010114310.87101010 
E LS ET21 0 I 0117 713.4 610 I 0 I 0 
ELSET310 101 14177.4410 1010 
ELSET 410101 3702.82101010 
E LS ETS I 0 I 01-13710.410 I 0 I 0 

6.4 Sensitivity Study 

As for columns without residual stresses, the meshing size was also tested along 

lateral and longitudinal direction for columns with symmetrical residual stresses. For 

cross-section, the result is shown in Table 6-1 . It should be noted that the steel column 

used for this sensitivity study was of 1.5 inch diameter and 30 inch length. 
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By comparing 5 circles meshing method with higher meshing size, the result 

gives fairly close ultimate load of column. Therefore, the model would be meshed in this 

manner in order to produce consistent results. 

For longitudinal direction, the effect of total element number is shown in Table 6-

2 and the 25 elements were selected for model analysis. This number was also adjusted 

for longer columns with the consideration of length-width ratio for each element. 

6.5 Results and Discussions 

In the fmite element modeling, 324 models were constructed for postbuckling 

analysis of columns with symmetrical residual stress with which 324 ultimate 

compression resistance values were obtained from the load history curves. 

For each diameter, the result of ultimate load for different slenderness parameter 

is plotted and shown through Figure 6-3 to 6-14. It was observed, just as expected, that 

with increase in initial deflection, the column has lower compressive resistance. Also the 

more slender the column, the lower the ultimate strength. With the inclusion of Euler 

Curve on every figure, it can be seen that Euler Buckling loads are close to those 

obtained from the FEA for columns with slendetness parameter more than 1.25. 

The Ultimate load-slenderness parameter curves for different diameters with 

L/500 initial deflection are also summarized in Figure 6-15. It can be observed that all the 

figures give similar trend and almost coincide with others. Hence, it can be concluded 

that the column diameter does not have an effect on the ultimate strength but the 

slenderness parameter has. 
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At the same time, Sennah et al. (2008) proposed column curve for the 

compressive resistance of non-stress-relived solid round steel columns is also shown in 

Figure 6-15. One may conclude that the proposed column equation by Sennah et al. (2008) 

which is similar to equation 2-20 but with n=1.7, can be applied with confidence on 

column sizes between 125 and 300mm (5" and 12") in diameter. 
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CHAPTER 7 

Compressive Resistance of Solid Round Steel Columns with the Effect 
of Non-Symmetrical Residual Stress · 

7.1 General 

Non-symmetrical residual stress is produced by the handling and transport of steel 

members during the manufacture process. It can also be resulted from the cold-

straightening process. The effect of non-symmetrical residual stress on the ultimate 

strength of solid steel columns is discussed in this chapter. The effect of initial deflection 

will be included simultaneously by FEA using ABAQUS software. 

7.2 Geometry and Model 

In order to apply the non-symmetrical residual stress on steel member, the 

model has to be meshed orthogonally as shown in Figure 7-1. The non-symmetrical 

residual stress varies from one side of the steel column to the other side along the radii of 

each specimen. Therefore, each ve11ical slice has been assigned by corresponding non-

symmetrical residual stress. Appendix G gives an example input file for this analysis. 

7.3 Non-Symmetrical Residual Stress 

The non-symmetrical residual stress is calculated by Equation 7-1. This equation 

is developed by Nitta and Thurlimann in their research about ultimate strength of high-

yield strength constructional-alloy circular columns (Nitta and Thurlimann, 1962). The 

axial residual stress crz at a distance x from the centre of solid round column is given by: 
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(7-1) 

Where ay is yield stress of the material, and ~ = x/R. p is the ratio of the cold-bending 

moment Mo to the full plastic moment Mp, and is assumed to be 0.7, 0.8 and 0.9 

respectively. For these three different p, distribution of non-symmetrical residual stress 

along the radius of steel column are plotted based on Equation 7-1 and showed in Figure 

7-2. The non-symmetrical value for each vertical slide of model can be obtained by this 

chart for different p value. 

For the ABAQUS analysis, the values of non-symmetrical residual stress have to 

be added into original input file (Appendix G) by keyword editing function to simulate 

the non-symmetrical residual stress: 

*INITIAL CONDITIONS, TYPE=STRESS 
ELS ET1,0 ,0 I -16858,0,0,0 
ELSET2,01012255101010 

ELSET3,0 10 I 12612101010 
ELSET 410,014204101010 

E LS ET5 I 0 I 0 I -4 204 I 0 I 0 I 0 
E LS ET 6 I 0 I 0 I -12 612,0 I 0 
ELSET7 1010 I -2255101010 
ELSET81010116858101010 

7.4 Sensitivity Study 
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The 3 inch diameter round steel column with lengths from 15 inch up to 120 inch 

has been modeled for sensitivity study purpose. For each length, three different initial 

deflections were considered, namely: 0.0005L, 0.001L and 0.002L respectively, which L 

is the length of steel column. The influence of ~ value has also been examined 

simultaneously in the sense that the non-symmetrical residual stress calculated from three 

different ~ value has been applied to same size column by turn. The result of this 

sensitivity study is shown in Table 7-1. It indicates that the column with initial deflection 

. of 0.002L and non-symmetrical residual stress calculated from ~=0.9 is the most critical 

model since it gives the lowest compressive resistance. 

Meanwhile, the meshing size has been tested along lateral and longitudinal 

direction for columns with non-symmetrical residual stress. For cross-section, the result 

is shown in Table 7-2. It should be noted that the steel column used for this sensitivity 

study is with 1.5 inch diameter and 30 inch length. By comparing 8 slices meshing 

method with higher meshing size, the result gives fairly close ultimate load of column. 

Therefore, the model would be meshed in this manner in order to produce optimum result 

in terms of result satisfaction and running effort. For longitudinal direction, the effect of 

total element number is shown in Table 7-3 and the 25 elements were selected for model 

analysis. This number was also adjusted to 30, 35 and 40 for longer columns with the 

consideration of length-width ratio for each element. 

7.5 Results and Discussions 

In the finite element analysis, 96 models were constructed for postbuckling 

analysis of columns with non-symmetrical residual stress (12 diameters, 8 lengths for 

each diameter). The initial deflections of these bars were all 1/2000 of the length. The 
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residual stress applied on these bars are calculated from Equation 7-1 by using B=O. 9. 

The results of ultimate load with respect to slenderness parameter for different size solid 

round steel columns are shown in Table 7-2 and Figures 7-3 to 7-14. From these figures, 

it can be concluded that all columns of different diameters show very similar trend (the 

ultimate load decreases when slenderness parameter increases). 
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CHAPTERS 

Conclusions 

In this thesis, experimental investigations on the residual stresses were carried out 

using boring-out method. Additionally FEA models for the formation of residual stresses 

in hot-rolled solid round steel columns were developed. At the same time, the 

symmetrical and non-symmetrical residual stress predicted by previous research was 

studied and their results have been adopted for learning the effect of residual stress on 

compressive resistance of solid round steel column. The influence of cold-straightening 

was also considered as they introduce non-symmetrical residual stress. Comparisons were 

made in different aspect and the details are presented below. 

drawn: 

Based on the data generated from this research, the following conclusions can be 

1. First of all, for same size steel column with same initial deflection, the 

comparison of ultimate compressive resistance was made among the 

members without any residual stresses, with symmetrical residual stress 

and with non-symmetrical residual stress. As stated above, the initial 

deflection is identical for each column and is equal to 1/500 length. It was 

observed that, the steel column without any residual stress has the highest 

compressive resistance. The steel column with symmetrical residual stress 

has the second highest compressive resistance whereas the one with non-

symmetrical residual stress has the lowest. It can be concluded that when 
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there are residual stresses in the columns, the capacity of the column will 

considerably decreased. 

2. Comparison was made for columns with different initial deflection, while 

maintaining all other conditions. It is clearly shown that columns with 

more initial deflection have lower compressive resistance as expected. 

3. The effect of slenderness parameter is studied while maintaining the 

values of symmetrical residual stress and initial deflection. By increasing 

the length of steel columns and hence increasing the slenderness parameter, 

the ultimate strength significantly decreases. 

4. The residual stress, calculated from the data obtained from tests, are 

extremely sensitive to the accuracy of the strain reading. This factor 

should be taken into account in the interpretation of results. 

5. Comparison between experimental and numerical results indicated that the 

FEA model for formation of residual stress gave reasonable results for 

small diameter bars. The difference for bigger diameter bars may result 

from the high sensitivity of experimental strain data. 

6. From the postbuckling analysis of columns, it can be concluded that the 

initial deflection and residual stress can result in remarkable loss of 

ultimate strength of a column. The residual stress releasing and 

straightening operations are worth using for columns with this range of 

stzes. 
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7. FEA results showed that the compressive strength equation with n=1.7 as 

proposed by Sennah et al. (2009, 2008) is applicable up to 300 mm (12") 

column diameters. 

so 
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Figure 3-1: A 2-mm slice cut from specimen 1 for determination of elastic modulus 
and Poisson's ratio by ultrasound (Roy, 2008) 

Figure 3-2: Specimen Held in the Bed of Water-Jet Drilling Machine by a Special 
Holder 
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Figure 3-3: Water-Jet Machining System (OMAX User's Guide, 2008) 

Figure 3-4: Four Strain Gauges Attached to Specimen and Connected to Data­
Acquisition System 
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Figure 3-5: Specimens after Installation of Strain Gauges and Application of 
Coating 
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Figure 3-6: Side View of Solid Steel Column 

Figure 3-7: Side View of the Specimen Clamped by a Special Made Holder 
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Figure 3-9: View of a Steel Specimen Drilled up to Biggest Possible Diameter 
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Figure 3-10: View of Steel Specimens after Drilling Using Water-Jet Technology 
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Figure 3-12: Strain Variation on the Surface at the Mid-Height of Specimen 1 under 
1 kN Internal Force 
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Figure 3-14: Strain Variation on the Surface at the Mid-height of Specimen 3 under 
1 kN Internal Force 

62 



:: •r~~- ::: ·:: ::: ::~ : : ~ ·-~ ·~~--~~·~-·~~·:-~·~~~~-~·~-~~··•~:~:~:-::::~~:~ 
10 -~- -------- - - -- --- -- ---------- --- -- ---- - - - -- -- ---- --- ---- --------------- ---------------------------- --------- ----- ---------------- ------------------- ---------------------- -------

8 t·--. ·----··-···--·------ ----........... -.. -- .... -· ......... -.---------------------------·--·---------------------------'6 .,.... - 6 ·;············ ··· ········ ······················ ····· ·············· ·· ······························ ······ ··· ········· ················ ··········································· ..... .. . . 

4 .. , .................... ·-- .............. -- .- ... .. ................... ·-·-··-·-·--------·--·-·-·-·--·-·-·-------·-·-·--·-·-·---·--··-- -·-· -·-··· 

: r:=:=::::::: ::_~::~:~::~~::- ·:.-:~:-·-:-------------------- --------
--2 ~-- -- · -·-·· · ··--~-9. ........... ... ~? ... ......... ~.? ............... :.~~--- · - ·· · - ··- · - ·-·~-?. ............ ~~~- --·· ···- · · ···!.? ............. ~~~---····· · · · ??. ..•........ ~?.~~--- ·· ·· -·~-~o 

Diameter of the Hole Drilled {mm) 

Fig 3-15: Strain Variation on the Surface at the Mid-height of Specimen 4 under 
1 kN Internal Force 

Residual Stress Distribuion for Sample 1 (D=1.5inch) 

3 00.00 ·T··-·--------------···---------·-·-·-----·-----·----···-···-·- ·· ·· ·--··-··-····-· ·-··-·-· ·-· · ··-·-·-·-··-·----·-----·---·---·-·---·----·----·------·-·----·---·---·------··---·---·---·-----·-----·---·-·-·----·---·----·------·---·-·--------·-------·------·---··· 

250.00 -!··········\··· ............... .......... ........................................... ...................................... .................. ..... . 
: \ I 200.00 •. . . " .... .... .. - .. . ... - - -- -- -- ----· - --- . - - -

-

50,00 

0.00 ., .. ···· ···- ·· ·· .... ,. -··· · ··· ·-· ·· ·,- · - -~C.iiL:+·-·*-":'·-· .. ''""" i! . ! •.• ,...,. ... ......... _.__.,, 

OJ~O OJO 020 030 0.40 050 0.60 0,"70 0,80 
~50.00 __ : _______ ________ _____ ___________ ________________________________ ____ _____________ __ _________ __ __ ___ _______ ___________ ____ ______ ___ __ __ __ ________________ ___ ___ ___ _______ _______ _ 

Ri/R 

Figure 3-16: Residual Stress Distribution for Sample 1 (D=l.S inch, H=3 inch) 
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Residual Stress Distribution for Sample 2 (0=2.0 inch) 

Figure 3-17: Residual Stress Distribution for Sample 2 (D=2.0 inch, H=3 inch) 
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Figure 3-18: Residual Stress Distribution for Sample 3 (D=2.5 inch, H=3 inch) 
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Figure 4-2: Residual Stress History for 1.5 inch Diameter Steel Bar 
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Figure 4-3: Residual Stress History for 2.0 inch Diameter Steel Bar 

Residual Stress History for 2.5 inch Diameter Steeel Bar 
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Residual Stress History for 3 inch Dian1eter Steel Bar 
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Figure 4-5: Residual Stress History for 3.0 inch Diameter Steel Bar 
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Residual Stress History for 4 inch Diameter Steel Bar 
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Figure 4-7: Residual Stress History for 4.0 inch Diameter Steel Bar 
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Figure 5-4: Ultimate Load v.s Slenderness Parameter for 1.5 inch Diameter Column 
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Note: "Ac is slenderness pare meter of the steel column 
Pu is the ultimate load obtained by ABAQUS analysis 
Py is the yiled strength of steel column 
do is the initial deflection 
Lis the length of steel column 
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Figure 5-8: Ultimate Load v.s Slenderness Parameter for 3.5 inch Diameter Column 
without Residual Stress 
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Figure 5-9: Ultimate Load v.s Slenderness Parameter for 4.0 inch Diameter Column 
without Residual Stress 
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Figure 5-10: Ultimate Load v.s Slenderness Parameter for 5.0 inch Diameter 
Column without Residual Stress 
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Figure 5-11: Ultimate Load v.s Slenderness Parameter for 6.0 inch Diameter 
Column without Residual Stress 
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Figure 5-12: Ultimate Load v.s Slenderness Parameter for 7.0 inch Diameter 
Column without Residual Stress 
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Figure 5-13: Ultimate Load v.s Slenderness Parameter for 8.0 inch Diameter 
Column without Residual Stress 
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Figure 5-14: illtimate Load v.s Slenderness Parameter for 10 inch Diameter Column . 
without Residual Stress 
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Figure 5-15: Ultimate Load v.s Slenderness Parameter for 12 inch Diameter Column 
without Residual Stress 
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Figure 6-1: Variations of axial residual stress along the radii (Roy, 2008) 
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Figure 6-2: Variations of residual stress across the 4.25-inch diameter (Roy, 2008) 
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Figure 6-3: Ultimate Load v.s Slenderness Parameter for 1.5 inch Diameter Column 
with Symmetrical Residual Stress 

Note: A.c is slenderness pare meter of the steel column 
Puis the ultimate load obtained by ABAQUS analysis 
Py is the yiled strength of steel column 
do is the initial deflection 
Lis the length of steel column 
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Figure 6-4: Ultimate Load v .s Slenderness Parameter for 2.0 inch Diameter Column 
with Symmetrical Residual Stress 
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Figure 6-5: Ultimate Load v.s Slenderness Parameter for 2.5 inch Diameter Column 
with Symmetrical Residual Stress 
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Figure 6-6: Ultimate Load v.s Slenderness Parameter for 3.0 inch Diameter Column 
with Symmetrical Residual Stress 
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Figure 6-7: Ultimate Load v.s Slenderness Parameter for 3.5 inch Diameter Column 
with Symmetrical Residual Stress 
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Figure 6-9: Ultimate Load v.s Slenderness Parameter for 5.0 inch Diameter Column 
with Symmetrical Residual Stress 
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with Symmetrical Residual Stress 
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Figure 6-11: Ultimate Load v .s Slenderness Parameter for 7 inch Diameter Column 
with Symmetrical Residual Stress 
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Figure 6-12: Ultimate Load v.s Slenderness Parameter for 8 inch Diameter Column 
with Symmetrical Residual Stress 
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Figure 6-14: Ultimate Load v.s Slenderness Parameter for 12 inch Diameter Column 
with Symmetrical Residual Stress 
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ultimate load v.s slenderness parameter curves for columns with symmetrical residual 
stress and l/500 initial out .. of .. straightness 
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Figure 6-15: Ultimate Load v.s Slenderness Parameter Curves for Columns with 
Symmetrical Residual Stress and L/500 Initial Out-of-Straightness 
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Figure 7-1: ABAQUS Model Meshing for Steel Columns with Non-Symmetrical 
Residual Stress 

.... ., .. w.·.·. w······· ·· ···· · · · · · · ·· ·· · · ···· ···· ·· · · · · ·· ·· · · ·· ·· ·· ···· ·· · · · ·· ···· ··· · · ···· · ·· · · ·· ······· · · ····· ········ ···· ····,J;~.:f ·f- ·· ····· ·,-·· ······ ·· ·· ·· ·· ··· ········"·········· ······ ···················· ···· ······ ········ ·········· ·· ·· ·· ·· · ··· ··· ··· ,···· ·· ··· ····· ············ ·· ·· ·· ·· · ·· ·· ······ · 

........... ............................... ·· ·· ·· ·················-1&0.··· 

~8::0,7 

......................... ... ............ ··· ····················-1:50··· ··············································································· 
Ri/R 

Figure 7-2: Non-symmetrical Residual Stress Distribution along the Radius of 
Column 
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Figure 7-3: Ultimate Load v.s Slenderness Parameter for 1.5 inch Diameter Column 
with Non-Symmetrical Residual Stress 
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Figure 7-4: llitimate Load v.s Slenderness Parameter for 2.0 inch Diameter Column 
with Non-Symmetrical Residual Stress 
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Figure 7-5: Ultimate Load v.s Slenderness Parameter for 2.5 inch Diameter Column 
with Non-Symmetrical Residual Stress 
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with Non-Symmetrical Residual Stress 
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Figure 7-9: Ultimate Load v.s Slenderness Parameter for 5.0 inch Diameter Column 
with Non-Symmetrical Residual Stress 
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Figure 7-10: Ultimate Load v.s Slenderness Parameter for 6 inch Diameter Column 
with Non-Symmetrical Residual Stress 
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Figure 7-11: Ultimate Load v.s Slenderness Parameter for 7 inch Diameter Column 
with Non-Symmetrical Residual Stress 
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Figure 7-12: Ultimate Load v.s Slenderness Parameter for 8 inch Diameter Column 
with Non-Symmetrical Residual Stress 

94 

I 
I 
I 

! 
·• II 



1.8~)0 ·· ···· ··· ·· ······························· ·········· ····- ·············· ··- ·· ·--·--------- -- ·-· ·· ···--·- ·-·········-············ ·······--·-

1 .6(){) ··'···················. ·······. ······· ........ • ····· ··········· ·····. ... '"·'"·························-·"""·""·"""·"·"·"""·"·········-·"""·"·············--······--··········--··--·"·'"·"·""·'"·"·'"·'"·'"'"·"·"·'"·"······ 

1 .400 -':---·------·--····--·--··---------··· .... ................ ......... .. .. ................................... .. ........................... . 

1 .2C•O .. , .................... ........ ................ .. ·················· ············--···································································--···--···--·········--···········-·"'·······--································ 
~~ .. vith non--~y·mmetdcat 

i :·::: l:~. ~~- ···.~ ...... · · · -~~-~-~-~~-=- -~-~~-----------~ ----=~-:::.t;~,~::ess 
0.600 

0 .. 4C•O ··+-·--····--······ ······· · ········· · ······················-- ............. · .............................................................. ---""""':""""·:·: 

~~~· 
0.:2(}0 --:!......... ... .... ......... .. .. ..... ................................ ....................... .......... ............ . .. .... .. .... .. 

0. 000 ·+················· ··········--········ · · ·· ·· ·· -~ ···· ·· · ·····. ····· .... ·· · · · · · · ···· --· ·· ·· · ·:.- ···· · · ·· ···· ·--· ·· · · --·"· '"· '"·'·• ···· --· ··y·· -·"·"·"·'"· '· ·· ·· ·· --·-----··· ···· --· ·;··---·"'"·"·'·"·"'"· '· "'"· '"·"· '"~ 

0 .00 050 .1 .00 LS.O 2.00 250 

Figure 7-13: Ultimate Load v.s Slenderness Parameter for 10 inch Diameter Column 
with Non-Symmetrical Residual Stress 
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Figure 7-14: Ultimate Load v.s Slenderness Parameter for 12 inch Diameter Column 
with Non-Symmetrical Residual Stress 
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Figure 8-1: Comparison of Ultimate Strength of Column without Residual Stress, with 
Symmetrical Residual stress and Non-Symmetrical Residual stress for 3" 
Diameter, 60" Length Column 
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Figure 8-2: Comparison of Ultimate Strength of Column with Different Initial Deflection 

for 3" Diameter, 60" Length Column with Symmetrical Residual Stress 
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Table 3-1: Dimensions of Specimens 

Specimen No. Specimen 1 Specimen 2 Specimen 3 Specimen 4 

Diameter (inch) 1.5 2 2.5 4.25 

Length (inch) 3 3 3 3 

Table 3-2: Strain Readings for Specimen 1 

Specimen 1 
0=1.5" =38.1mm H=3" 

Boring # Di Measured Strains (micro-strain) 
(inch) gauge 1 gauge 2 gauge 3 gauge 4 

1 0.2 9 6 38 10 
2 0.3 16 11 43 12 
3 0.4 19 14 47 17 
4 0.5 21 17 49 23 
5 0.6 23 20 53 27 
6 0.7 25 25 57 34 
7 0.8 31 31 62 42 
8 0.9 35 38 67 52 
9 1 38 48 72 64 

10 1.1 43 66 79 80 
11 1.2 50 96 93 97 
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Table 3-3: Strain Readings for Specimen 2 

Specimen 2 
0=2" =50.8mm H=3" 

Boring # Di Measured Strains (micro-strain) 

(inch) gauge 1 gauge 2 gauge 3 gauge 4 

1 0.2 22 35 7 20 

2 0.4 32 22 5 20 

3 0.6 44 17 -2 21 

4 0.8 54 11 -5 29 

5 1 68 13 -5 so 
6 1.2 85 15 -1 92 

7 1.4 121 26 1 173 

8 1.6 220 73 10 305 

9 1.8 359 98 48 417 

Table 3-4: Strain Readings for Specimen 3 

Specimen 3 
0=2.5" =63.5mm H=3" 

Boring # Oi Measured Strains (micro-strain) 
(inch) gauge 1 gauge 2 gauge 3 gauge 4 

1 0.25 10 31 1 N/A 
2 0.5 15 32 2 N/A 
3 0.75 23 42 2 N/A 
4 1 34 67 -3 N/A 
5 1.25 42 65 -15 N/A 
6 1.5 49 36 -43 N/A 
7 1.75 79 20 -78 N/A 
8 2 101 -41 -71 N/A 
9 2.25 186 -12 -81 N/A 
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Table 3-5: Strain Readings for Specimen 4 

Specimen 4 
0=4.25" =108mm H=3" 

Boring # Di Measured Strains (micro-strain) 

(inch) gauge 1 gauge 2 gauge 3 gauge 4 

1 10 11 -1 5 10 

2 17 14 -5 14 17 

3 29 20 -22 29 29 

4 55 38 -37 59 55 

5 67 41 -91 77 67 

6 95 54 -147 114 95 

7 119 65 -234 158 119 

8 127 75 -398 193 127 

9 188 90 -614 266 188 

10 432 307 -610 560 432 

Table 3-6: Strain Variation on the Surface at the Mid-Height of Specimen 1 under 
lkN Internal Force 

D=l.S in=38.1mm H=3 in. 

Di Strain Di Strain 

(mm} (10-6
} (mm) (10-6

) 

4 2.77 28 7.40 

8 2.93 30 9.19 

12 3.21 32 12.23 

16 3.65 33 14.70 

20 4.32 34 18.41 

22 4.79 35 24.57 

24 5.40 36 36.73 

26 6.22 37 71.34 

Note: D=diameter of specimen; H=length of specimen; 
Di =diameter of the hole drilled. 
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Table 3-7: Strain Variation on the Surface at the Mid-height of Specimen 2 under 
lkN Internal Force 

0=2.0 in. =50.8mm H=3.0 in. 

Di Strain Di Strain Di Strain 

(mm) (10-6
) (mm) (10-6 ) (mm) (10-6

) 

4 1.21 28 2.26 43 6.79 

8 1.25 32 2.76 44 7.83 

12 1.33 36 3.54 45 9.25 

16 1.46 40 4.87 46 11.29 

20 1.65 42 5.38 47 14.46 

24 1.90 42 6.00 48 19.96 

Note: D=diameter of specimen; H=length of specimen; 
Di =diameter of the hole drilled. 

Table 3-8: Strain Variation on the Surface at the Mid-height of Specimen 3 under 
lkN Internal Force 

0=2.5 in. = 63.5mm H=3.0 in. 

Di Strain Di Strain Di Strain 

(mm) (10-6
) (mm) (10-6

) (mm) (10-6
) 

4 0.46 40 1.43 54 4.19 

8 0.46 42 1.61 55 4.72 

12 0.47 44 1.83 56 5.39 

16 0.51 46 2.10 57 6.27 

20 0.57 48 2.43 58 7.50 

24 0.65 50 2.85 59 9.31 

28 0.77 51 3.11 60 12.21 

32 0.93 52 3.41 61 17.53 

36 1.14 53 3.76 62 30.12 

Note: D=diameter of specimen; H=length of specimen; 
Di =diameter of the hole drilled. 
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Table 3-9: Strain Variation on the Surface at the Mid-height of Specimen 4 under 
lkN Internal Force 

0=4.25 in. =108 mm 

Di Strain Di Strain 

(mm) (10-6
) (mm) (10-6

) 

4 -0.17 56 -0.32 

8 -0.19 60 -0.31 

12 -0.22 62 -0.30 

16 -0.24 64 -0.28 

20 -0.26 66 -0.27 

24 -0.28 68 -0.25 

28 -0.29 70 -0.22 

32 -0.31 72 -0.19 

36 -0.32 74 -0.16 

40 -0.33 76 -0.11 

44 -0.33 78 -0.06 

48 -0.33 80 0.01 

52 -0.33 82 0.08 

Note: D=diameter of specimen; H=length of specimen; 
Di =diameter of the hole drilled. 
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H=3 in. 

Di Strain 

(mm) (10-6
) 

84 0.18 

86 0.29 

88 0.43 

90 0.60 

92 0.82 

94 1.08 

96 1.43 

98 1.89 

100 2.55 

102 3.61 

104 5.70 

105 7.84 

106 12.29 



Table 3-10: Residual Stress Distribution for Sample l(D=l.S inch, H=3 inch) 

Di Di Area Measured Strains Unit Total ~Fi Residual Ri/R 

1 2 3 4 Ave. 
Force Force Stress 

Strain Released 

(in.) (mm) (mm 2
) (10-6 ) (10-6 ) (kN) (kN) (Mpa) 

0.2 5.08 20.27 9 6 38 10 15.75 2.81 5.605 5.605 276.54 0.07 

0.3 7.62 45 .60 16 11 43 12 20.5 2.91 7.045 1.440 56.83 0.17 

0.4 10.16 81.07 19 14 47 17 24.25 3.08 7.873 0.829 23.36 0.23 

0.5 12.7 126.68 21 17 49 "''"'' 27.5 3.29 8.359 0.485 10.64 0.30 L:::J 

0.6 15.24 182.41 23 20 53 27 30.75 3.57 8.613 0.255 4.57 0.37 

0.7 17.78 248.29 25 25 57 34 35.25 3.95 8.924 0.311 4.72 0.43 

0.8 20.32 324.29 31 31 62 42 41.5 4.4 9.432 0.508 6.68 0.50 

0.9 22.86 410.43 35 38 67 52 48 5.05 9.505 0.073 0.85 0.57 

1 25.4 506.71 38 48 72 64 55.5 5.97 9.296 -0.208 -2.17 0.63 

1.1 27.94 613.12 43 66 79 80 67 7.36 9.103 -0.193 -1.82 0.70 

1.2 30.48 729.66 50 96 93 97 84 9.92 8.468 
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Table 3-11: Residual Stress Distribution for Sample 2 (D=2.0 inch, H=3 inch) 

Di Di Area Measured Strains Unit Total Force ~Fi Residual Ri/R 
Force Released Stress 

1 
I 

2 3 4 Ave. 
Strain 

(in.) (mm) (mm 2
) (10-6

) (10-6
) (kN) (kN) (Mpa) 

0.2 5.08 20.27 22 35 7 20 21 1.22 17.20 17.20 848.57 0.05 

0.4 10.16 81.07 32 42 5 20 24.75 1.29 19.14 1.94 31.95 0.15 

0.6 15.24 182.41 44 27 -2 21 22.5 1.44 15.68 -3.46 -34.16 0.25 

no 20.32 324.29 54 11 ~5 29 22.25 1.67 13.32 -2.36 -16.61 0.35 u.o 

1 25.4 506.71 68 13 -5 50 31.5 2.03 15.55 2.22 12.19 0.45 

1.2 30.48 729.66 85 15 -1 92 47.75 2.57 18.58 3.03 13.60 0.55 

1.4 35.56 993.15 121 26 1 173 80.25 3.45 23.23 4.65 17.66 0.65 

1.6 40.64 1297.17 220 73 10 305 152 5.20 29.25 6.02 19.80 0.75 

1.8 45.72 1641.73 359 98 48 417 230.5 10.72 21.50 -7.75 -22.49 0.85 
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Table 3-12: Residual Stress Distribution for Sample 3 (D=2.5 inch, H=3 inch) 

Di Di Area Measured Strains Unit Total Force LlFi Residual Ri/R 

1 2 3 4 Ave. 
Force Released Stress 
Strain 

(in.) (mm) (mm2
) {10-6

) {10-6
) (kN) (kN) (Mpa) 

0.25 6.35 31.67 10 31 1 N/A 13.67 0.46 29.71 22.83 720.77 0.05 

0.5 12.7 126.68 15 32 2 N/A 15.67 0.48 32.84 3.13 32.99 0.15 

0.75 19.05 285.02 23 42 2 N/A 21.67 0.56 38.97 6.12 38.68 0.25 

1 25.4 506.71 34 67 -3 N/A 33.67 0.69 48.65 9.68 43.68 0.35 

1.25 31.75 791.73 42 65 -15 N/A 35.67 0.92 38.77 -9.88 -34.67 0.45 

1.5 38.1 1140.09 49 36 -43 N/A 28.33 1.29 21.93 -16.84 -48.34 0.55 

1.75 44.45 1551.79 79 20 -78 N/A 33.00 1.89 17.45 -4.48 -10.88 0.65 

2 50.8 2026.83 101 -41 -71 N/A 20.00 3.06 6.54 -10.91 -22.97 0.75 

2.25 57.15 2565.21 186 -12 -81 N/A 58.00 6.46 8.99 2.45 4.54 0.85 
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Table 3-13: Residual Stress Distribution for Sample 4 (D=4.25 inch, H=3 inch) 

Di Di Area Measured Strains Unit Total Force ~Fi Residual Ri/R 
Force Released Stress 

1 2 3 4 Ave. Strain 

(in.) (mm) (mm2
) (10-6 ) (10-6) (kN) (kN) (Mpa) 

0.45 11.43 102.61 10 11 -1 5 8.67 -0.22 -40.12 -39.39 -383.93 0.05 

0.85 21.59 366.10 17 14 -5 14 15.00 -0.27 -55.97 -15.85 -60.14 0 .15 

1.25 31.75 791.73 29 20 -22 29 26.00 -0.31 -84.14 -28.17 -66.19 0.25 

1.65 41.91 1379.51 55 38 -37 59 50.67 -0.33 -153.54 -69.39 -118.06 0.34 

2.05 52.07 2129.44 67 41 -91 77 61.67 -0.33 -186.87 -33.33 -44.45 0.44 

2.45 62.23 3041.51 95 54 -147 114 87.67 -0.30 -294.18 -107.31 -117.66 0.53 

2.85 72.39 4115.73 119 65 -234 158 114.00 -0.18 -619.57 -325.38 -302.90 0.62 

3.25 82.55 5352.10 127 75 -398 193 131.67 0.11 1219.14 1838.70 1487.18 0.72 

3.65 92.71 6750.61 188 90 -614 266 181.33 0.91 198.83 -1020.31 -729.56 0.81 

4.05 102.87 8311.27 432 307 -610 560 433.00 4.52 95.82 -103.01 -66.01 0.91 
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Table 5-1: Number of Circles on the Cross Section vs. Ultimate Load for Columns 
without Residual Stress 

Number of Ultimate Totally Node Ultimate load of 
Circles load/node (lb) Numbers the Column (lb) 

4 466.545 49 22860.71 

5 1178.67 61 71898.67 

6 986.318 73 72001.21 

8 739.44 97 71725.68 

Table 5-2: Number of Elements in Longitudinal Direction vs. Ultimate Load for 
Columns without Residual Stress 

Number of Ultimate Totally Node Ultimate load of 
Elements load/node (lb) Numbers the Column (lb) 

20 1241.68 61 75742.8 

25 1178.67 61 71898.87 

30 1127.89 61 68801.29 
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Table 6-1: Number of Circles in the Cross Section vs. Ultimate Load for 
Columns with Symmetrical Residual Stress 

Number of Ultimate Totally Node Ultimate load of 
Circles load/node (lb) Numbers the Column (lb) 

4 428.637 49 21003.21 

5 980.452 61 59807.57 

6 813.658 73 59397.03 

8 611.627 97 59327.82 

Table 6-2: Number of Elements in Longitudinal Direction vs. Ultimate Load for 
Columns with Symmetrical Residual Stress 

Number of Ultimate Totally Node Ultimate load of 
Elements load/node (lb) Numbers the Column (lb) 

20 1060.49 61 64689.89 

25 980.452 61 59807.57 

30 932.684 61 56893.72 
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Table 7-1: Ultimate Strength to Yield Strength Ratio for 3 inch Diameter Columns 

L Slenderness Slenderness do=0.0005L 
(inch) ratio Parameter 

~=0.7 ~=0.8 ~=0.9 

15 20 0.264 0.862 0.858 0.852 

30 40 0.529 0.966 0.962 0.963 

45 60 0.793 0.937 0.913 0.898 

60 80 1.058 0.861 0.808 0.772 

75 100 1.322 0.734 0.680 0.657 

90 120 1.586 0.545 0.537 0.535 

105 140 1.851 0.413 0.394 0.394 

120 160 2.115 0.319 0.309 0.311 

Note: Column 1 is the length of steel members in inch. 
Column 2 is the slenderness ratio calculated by Equation 5-1. 
Column 2 is the slenderness parameter calculated by Equation 5-2. 

do=0.001L 

(3=0.7 ~=0.8 ~=0.9 ~=0.7 

0.861 0.862 0.853 0.856 

0.946 0.947 0.945 0.908 

0.892 0.875 0.860 0.822 

0.793 0.759 0.728 0.708 

0.675 0.638 0.618 0.601 

0.530 0.484 0.472 0.459 

0.389 0.372 0.367 0.357 

0.304 0.294 0.291 0.285 

do=0.002L 

~=0.8 

0.859 

0.910 

0.812 

0.690 

0.584 

0.447 

0.346 

0.273 

Column 4 -12 is the PulPy value for column with initial deflection of0.0005L/0.001L/ 0.002L and non-symmetrical residual 
stress calculated based on ~=0 . 7/0.8/0 . 9 . 

where P u is the ultimate strength , P y is the yield strength and L is the length of steel 
member 
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P=0.9 

0.854 

0.911 

0.803 

0.667 

0.565 

0.435 

0.338 

0.271 



Table 7-2: Number of Slices in the Cross Section vs. the Ultimate Load for 
Columns with Non-Symmetrical Residual Stress 

Number of Ultimate Totally Node Ultimate load of 
Slices load/node (lb) Numbers the Column (lb) 

6 1442.41 45 64908.45 

8 931.341 73 67987.89 

10 781.66 87 68004.42 

Table 7-3: Number of Elements in Longitudinal Direction vs. the Ultimate Load for 
Columns with Non-Symmetrical Residual Stress 

Number of Ultimate Totally Node Ultimate load of 
Elements load/node (lb) Numbers the Column (lb) 

20 1013.97 73 74019.81 

25 931.341 73 67987.89 

30 929.416 73 67847.37 
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Table 7-4: Ultimate Strength to Yield Strength Ratio for Different Diameter Column 

Slenderness Slenderness Ultimate Strength to Yield Strength Ratio (Pu/Py) 
Ratio Parameter (A.c) 

l.Sin 2in 2.5in 3in 3.5in 4in Sin 6in 7in Sin lOin 12in 

20 0.264 0.860 0.866 0.858 0.854 0.857 0.859 0.858 0.850 0.858 0.860 0.855 0.860 

40 0.529 0.910 0.911 0.912 0.911 0.913 0.912 0.912 0.912 0.913 0.912 0.915 0.913 

60 0.793 0.795 0.804 0.794 0.803 0.802 0.795 0.794 0.803 0.802 0.799 0.795 0.806 

80 1.058 0.670 0.667 0.671 0.667 0.671 0.671 0.671 0.671 0.671 0.671 0.671 0.671 

100 1.322 0.565 0.566 0.565 0.565 0.566 0.566 0.565 0.566 0.566 0.567 0.566 0.566 

120 1.586 0.435 0.377 0.434 0.435 0.398 0.376 0.434 0.433 0.398 0.375 0.434 0.434 

140 1.851 0.340 0.340 0.340 0.338 0.337 0.314 0.340 0.338 0.337 0.313 0.340 0.339 

160 2.115 0.271 0.268 0.271 0.271 0.270 0.270 0.271 0.270 0.270 0.270 0.271 0.272 
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Appendix A: 

An example of ABAQUS input file for calculation of strains at the middle surface when 
the specimen (D=50.8 mm, Di=lO mm) is subject to 1 kN internal force 

*HEADING 

STRAIN ANALYSIS OF A CYLINDER UNDER INNER AXIAL DRAG OF 1000N. 

INTERNATIONAL UNIT SYSTEM 

*PREP Rl NT, ECH O=YES, MODEL= N 0, H ISTORY=NO 

*NODE 

1,10.,0.00,0. 

39,10.,38.1,0. 

961,25.4,0.00,0. 

999,25.4,38.1,0. 

*NGEN,NSET=IN-NODE 

1,39,1 

*NGEN,NSET=OUT-NODE 

961,999,1 

*NFILL 

IN-NODE,OUT-NODE,24,40 

*ELEMENT,TYPE=CAX8R 

1,1,81,83,3,41,82,43,2 

*ELGEN,ELSET=SS 

1,19,2,1,12,80 ,19 

*NSET,NSET=BC,GEN ERATE 

1,961,40 

*ELSET,ELSET=OUTPUT 

210 

*SOLID SECTION,ELSET=SS,MATERIAL=M1 

* MATERIAL,NAME=M1 

*ELASTIC 

2.0e5,0.3 

*STEP,PERTURBATION 

*STATIC 

*CLOAD 

IN-NODE,2,25.65 

*BOUNDARY 

BC,2,2,0.0 

*RESTART, WRITE 

*EL PRINT,ELSET=OUTPUT 

S22 

E22 

*NODE PRINT,NSET=IN-NODE 

U2 

*END STEP 
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Appendix B: 

Sample Calculation of residual stress from strain data: 

Sample 1 is chosen for demonstrating the calculation of residual stresses from the 

original data. 

As shown in the included table, the first and second column "D/' is the diameter of the 

successive holes drilled in inch and millimeter respectively, and the column "Area" are 

the corresponding areas to the second column. 

Area= nDi2/4 

Four columns "1 ", "2", ''3", "4" are the measured strains in the middle of specimen. 

"Ave" is the column for the average of these four strains. 

"Unit Force Strain" was obtained from fmite element analysis described in Section 3.7. 

These are the strains at the measured location when the diameter of the hole drilled is Di 

and the released force by the bored area is 1 kN. Dividing the corrected strains by the 

unit strains, the total force released by the bored area is therefore calculated (listed in 

column "Total Force Released"). 

For example, when Di is 0.5 inch, which is equal to 12.7 mm, the averaged strain is 

27.5xl0-6
, the unit force strain obtained from Figure 3-12 is 3.29x10-6

. Therefore, the 

total force released is 

27.5x 10-6 /3.29x 10-6 =8.359 kN 

In the same way, when Di is 0. 6 inch, which is 15 .24 mm, the total force released is 8. 613 

kN. 
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The difference between two forces is the force released by the area between two 

diameters. That is to say, 0.255 kN (difference between 8.613 kN and 8.359 kN) is the 

force released by area between diameters 0.5 inch and 0.6 inch. So the residual stress in 

this area could be obtained simply by dividing the force by the area. In this case the 

residual stress is: 

0.255 2 = 4.57 MPa 
(182.41-126.68)mm 

The normalized radius is averaged radius of two successive drilling over the radius of the 

specrmen. 

(12.7 / 2+15.24 / 2) / 2 = 0.37 
38.1 / 2 

With the same procedure, the residual stresses are calculated over the radius, as shown in 

Figure 3-16. 
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Appendix C: 

An example of ABAQUS input file for heat transfer problem (D=1.5 inch) 

*HEADING 

HEAT TRANSFER FOR THESIS 

*PREPRINT, ECHO=YES, MODEL=NO, HISTORY=NO 

*NODE 

1, 0.0, 0.0 

50, 0.75, 0.0 

2451, 0.0, 3.0 

2500, 0. 75, 3.0 

*NGEN, NSET=BOT 

1,50 

*NGEN, NSET=TOP 

2451,2500 

*NFILL, NSET=ALL 

BOT, TOP, 49,50 

*ELEMENT, TYPE=DCAX4 

1,1,2,52,51 

*ELGEN, ELSET=ELALL 

1,49,1,1,49,50,50 

*ELSET, ELSET=SIDE, GENERATE 

49,2499,50 

*NSE~NSET=PR1,GENERATE 

1201, 1250,1 

*SOLID SECTION, ELSET=ELALL, MATERIAL=STEEL 

*MATERIAL, NAME=STEEL 

*SPECIFIC HEAT 

0.1431 

*DENSITY 

0.2829 

*CONDUCTIVITY 

7.872E-4 

*INITIAL CONDITIONS, TYPE= TEMPERATURE 

ALL,1900. 

*STEP, INC=SOO 

*HEAT TRANSFER, DELTMX=10., END=SS 

20.,4.0E6,0.00511 1.E-6 

*FILM 

SIDE,F3,70.,6.559E-4 

*NODE PRINT, NSET=PR1, FREQUENCY=S 

NT 
*PRINT, FREQUENCY=10 . 

*NODE FILE 

NT 

*END STEP 
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Appendix D: 

An example of ABAQUS input file for thermal stress calculation (D=1.5 inch) 

*HEADING 

THERMAL STRESS FOR THESIS 

*PREPRINT, ECHO=YES, MODEL=NO, HISTORY=NO 

*NODE 

1, 0.0, 0.0 

50, 0.75, 0.0 

2451, 0.0, 3.0 

2500, 0. 75, 3.0 

*NGEN, NSET=BOT 

1,50 

*NGEN, NSET=TOP 

2451,2500 

*NFILL, NSET=ALL 

BOT, TOP, 49,50 

*ELEMENT, TYPE=CAX4 

1,1,2,52,51 

*ELGEN, ELSET=ELALL 

1,49,1,1,49,50,50 

*ELSET, ELSET=SIDE, GENERATE 

49,2499,50 

*ELSET, ELSET=ELPR, GENERATE 

1201,1249,1 

*NSET,NSET=NPR,GENERATE 

1201, 1250, 1 

*NSET,NSET=TOP1,GENERATE 

2451, 2499, 1 

*SOLID SECTION, ELSET=ELALL, MATERIAL=STEEL 

*MATERIAL, NAME=STEEL 

*ELASTIC 

3.E7,.3 

*PLASTIC 

50038,.0 

50038,.0,250 

6247,.0,2000. 

*EXPANSION,ZER0=70. 

7.5E-6 

*EQUATION 

2 
TOP1,2,1.0,2500,2,-l.O 

*INITIAL CONDITIONS,TYPE=TEMPERATURE 

ALL,1900. 

*STEP,INC=100 

*STATIC 

10.,9.616E4 
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*BOUNDARY 
BOT,2,2,0 
*TEMPERATURE,FILE=heat1,BSTEP=1,BINC=1,ESTEP=1,EINC=368 
*EL PRINT, ELSET=ELPR, POSITION=AVERAGED AT NODES, FREQUENCY=1 
s 
*NODE PRINT, NSET=TOP, FREQUENCY=999 
u 
*END STEP 
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Appendix E: 

*HEADING 
ULTIMATE STRENGTH OF A COLUMN without RESIDUAL STRESSES 

*PREPRINT, ECHO=YES, MODEL=NO, HISTORY=NO 

*NODE, SYSTEM=C, NSET=BOT 

101,0.15,0.0,0.0 

112,0.15,330,0.0 

113,0.0,0.0,0.0 

301,0.3,0.0,0.0 

312,0.3,330,0.0 

501,0.45,0.0,0.0 

512,0.45,330,0.0 

701,0.6,0.0,0.0 

712,0.6,330,0.0 
901,0. 75,0.0,0.0 

912,0. 75,330,0.0 

*NGEN, NSET=BOT, LINE=C 

101,112,1,113,0,0,0,0.0,0,1.0 

301,312,1,113,0,0,0,0.0,0,1.0 

501,512,1,113,0,0,0,0.0,0,1.0 

701,712,1,113,0,0,0,0.0,0,1.0 

901,912,1,113,0,0,0,0.0,0,1.0 

*NCOPY, OLD SET=BOT, CHANGENU=2000, NEW SET=NALL, SHIFT 

0.00047,0,0.300000 

0,0,0,0,0,0,0 

*NCOPY, OLD SET=BOT, CHANGENU=4000, NEW SET=NALL,SHIFT 

0.000933,0,0.600000 

0,0,0,0,0,0,0 

*NCOPY, OLD SET=BOT, CHANGENU=6000, NEW SET=NALL,SHIFT 

0.00138,0,0.900000 

0,0,0,0,0,0,0 

*NCOPY, OLD SET=BOT, CHANGENU=8000, NEW SET=NALL,SHIFT 
0.001807,0,1. 200000 

0,0,0,0,0,0,0 
*NCOPY, OLD SET=BOT, CHANGENU=10000, NEW SET=NALL,SHIFT 

0.002204,0,1.500000 

0,0,0,0,0,0,0 

*NCOPY, OLD SET=BOT, CHANGENU=12000, NEW SET=NALL,SHIFT 

0.002567,0,1.800000 

0,0,0,0,0,0,0 

*NCOPY, OLD SET=BOT, CHANGENU=14000, NEW SET=NALL,SHIFT 

0.002889,0,2.100000 

0,0,0,0,0,0,0 

*NCOPY, OLD SET=BOT, CHANGENU=16000, NEW SET=NALL,SHIFT 
0.003166,0,2.400000 

0,0,0,0,0,0,0 

*NCOPY, OLD SET=BOT, CHANGENU=18000, NEW SET=NALL,SHIFT 
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0.003393,0,2.700000 

o,o,o,o,o,o,o 
*NCOPY, OLD SET=BOT, CHANGENU=20000, NEW SET=NALL,SHIFT 

0.003566,0,3.000000 

o,o,o,o,o,o,o 
*NCOPY, OLD SET~BOT, CHANGENU=22000, NEW SET=NALL,SHIFT 

0.003684,0,3.300000 

o,o,o,o,o,o,o 
*NCOPY, OLD SET=BOT, CHANGENU=24000, NEW SET=NALL,SHIFT 

0.003743,0,3.600000 
o,o,o,o,o,o,o 
*NCOPY, OLD SET=BOT, CHANGENU=26000, NEW SET=NALL,SHIFT 

0.0037 43 ,0,3. 900000 

o,o,o,o,o,o,o 
*NCOPY, OLD SET=BOT, CHANGENU=28000, NEW SET=NALL,SHIFT 

0.003684,0,4.200000 
o,o,o,o,o,o,o 
*NCOPY, OLD SET=BOT, CHANGENU=30000, NEW SET=NALL,SHIFT 

0.003566,0,4.500000 
o,o,o,o,o,o,o 
*NCOPY, OLD SET=BOT, CHANGENU=32000, NEW SET=NALL,SHIFT 

0.003393,0,4.800000 

o,o,o,o,o,o,o 
*NCOPY, OLD SET=BOT, CHANGENU=34000, NEW SET=NALL,SHIFT 

0.003166,0,5.100000 
o,o,o,o,o,o,o 
*NCOPY, OLD SET=BOT, CHANGENU=36000, NEW SET=NALL,SHIFT 

0.002889,0,5.400000 

0,0,0,0,0,0,0 
*NCOPY, OLD SET=BOT, CHANGENU=38000, NEW SET=NALL,SHIFT 

0.002567 ,0,5. 700000 

o,o,o,o,o,o,o 
*NCOPY, OLD SET=BOT, CHANGENU=40000, NEW SET=NALL,SHIFT 

0.002204,0,6.000000 

o,o,o,o,o,o,o 
*NCOPY, OLD SET=BOT, (HANGENU=42000, NEW SET=NALL,SHIFT 

0.001807,0,6.300000 
o,o,o,o,o,o,o 
*NCOPY, OLD SET=BOT, CHANGENU=44000, NEW SET=NALL,SHIFT 

0.00138,0,6.600000 

o,o,o,o,o,o,o 
*NCOPY, OLD SET=BOT, CHANGENU=46000, NEW SET=NALL,SHIFT 

0.000933,0,6.900000 . 

o,o,o,o,o,o,o 
*NCOPY, OLD SET=BOT, CHANGENU=48000, NEW SET=NALL, SHIFT 

0.00047,0,7.200000 
o,o,o,o,o,o,o 
*NCOPY, OLD SET=BOT, CHANGENU=50000, NEW SET=TOP, SHIFT 
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0,0,7.500000 
0,0,0,0,0,0,0 
*NSET,NSET=CENTER,GENERATE 
113,50113,2000 
*ELEMENT, TYPE=C306 
1,101,102,113,2101,2102,2113 
2,102,103,113,2102,2103,2113 
3,103,104,113,2103,2104,2113 
4,104,105,113,2104,2105,2113 
5,105,106,113,2105,2106,2113 
6,106,107,113,2106,2107,2113 
7,107,108,113,2107,2108,2113 
8,108,109,113,2108,2109,2113 
9,109,110,113,2109,2110,2113 
10,110,111,113,2110,2111,2113 
11,111,112,113,2111,2112,2113 
12,112,101,113,2112,2101,2113 
*ELGEN, ELSET=ELSET1 
1,25,2000,1000 
2,25,2000,1000 
3,25,2000,1000 
4,25,2000,1000 
5,25,2000,1000 
6,25,2000,1000 
7,25,2000,1000 
8,25,2000,1000 
9,25,2000,1000 
10,25,2000,1000 
11,25,2000,1000 
12,25,2000,1000 
* ELEMENT,TYPE=C308 

101,101,301,302,102,2101,2301,2302,2102 
112,112,312,301,101,2112,2312,2301,2101 
*ELGEN 
101,4,200,100 
112,4,200,100 
*ELGEN, ELSET=ELSET2 
101,11,1,1,25,2000,1000 
112,25,2000,1000 
* E LG EN IE LS ET = E LS ET3 
201,11,1,1,25,2000,1000 
212,25,2000,1000 
* E LG EN IE LS ET = E LS ET 4 
301,11,1,1,25,2000,1000 
312,25,2000,1000 
* ELGEN,ELSET =ELSET5 
401,11,1,1,25,2000,1000 
412,25,2000,1000 
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* ELSET, ELSET =E LALL 
ELSET1,ELSET2, ELSET3, ELSET 4, ELSET5 
*SOLID SECTION,ELSET=ELALL, MATERIAL=STEEL 
* MATERIAL,NAME=STEEL 
*ELASTIC 
2.9008E7,0.3 
*PLASTIC 
50038 
*STEP,NLGEOM,INC=50 
*STATIC, RIKS 
0.1,1,0.1,40,1000,26113,1,0.5 
*BOUNDARY 
113,1,3,0 
50113,1,2,0 
CENTER,2,2,0 
*CLOAD 
TOP,3,-100 
BoT,3,+100 
*EL PRINT,FREQUENCY=O 
*NODE PRINT,NSET=CENTER,FREQUENCY=1 
u1 
*END STEP 

121 



Appendix F: 

Sample calculation of symmetrical residual stress from Roy's study (Roy, 2008): 

For R=2 inch steel column, Fy =345 MPa=50, 038 psi 

From the result of Roy's study, distribution of symmetrical residual stress has typical 

profile as shown below: 

+ + 
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122 



Based on the assumption, the second order polynomial curve goes through 3 points: 

Point I: (0, 0.2Fy) = (0, 100, 07.6) 

Point2: (0.75R, 0) = (1.5 , 0) 

Point3: (R, -0.5Fy) = (2,-25,019) 

The equation of the parabola can be developed by substituting these 3 points in and is 

listed below: 

y= -21683.13x2+25852.97x+ 10007.6 

Since the cross-section of round steel column is divided into 5 equal sections, (ie: the 

radius is divided into 5 equal segment), y values of points with x= 0.2, x=0.6, x=l.O, 

x= 1. 4 and x= 1. 8 were picked to present the stress value for different sections. The 

symmetrical residual stress for elements from centre to surface is: 

Element Set1: 14310.87 psi 

Element Set2: 17713.46 psi 

Element Set3: 14177.44 psi 

Element Set4: 3702.82 psi 

Element SetS : -13710.40 psi 
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Appendix G: 

*HEADING 
ULTIMATE STRENGTH OF A COLUMN with NON-SYMMETRICAL RESIDUAL STRESSES 

*PREPRINT1 ECHO=YES1 MODEL=N01 HISTORY=NO 

*NODE 
11-0.56251-0.375,0 
51-0.562510.37510 
3110.56 2 51-0.3 7 510 
3510.562510.37510 

361-0.3 751-0.562 510 

4010.3751-0.562510 
411 -0. 3 7510.56 2 510 

4510.37510.562510 
*NGEN 1 NSET=LEFT 

11511 
*NGEN 1 NSET=RIGHT 

3113511 
* N Fl LL1 NSET =SQUARE 
LEFT1RIGHT1615 
*NGEN1 NSET=DOWN 

3614011 
*NGEN 1 NSET=UP 
41,4511 
*NODE1 NSET=EDGE 

461010.7510 
4710.187510.72618410 
4810.37510.64951910 
4910.49607810.562510 
5010.562510.49607810 
5110.64951910.37510 
5210.72618410.187510 
5310.751010 
5410.7261841-0.187510 
5510.6495191-0.37510 
5610.56251-0.49607810 
5710.4960781-0.562510 
5810.3751-0.64951910 
5910.18751-0.72618410 
60101-0.7510 
611-0.18751-0.72618410 
621-0.3751-0.64951910 
631-0.4960781-0.562510 
641-0.56251-0.496078,0 
651-0.6495191-0.37510 
661-0.7261841-0.187510 
671-0.751010 
681-0.72618410.187510 

124 



69,-0.649519,0.375,0 

70,-0.5625,0.496078,0 

71,-0.496078,0.5625,0 

72,-0.375,0.649519,0 

73,-0.1875,0. 726184,0 

*NSET,NSET=BOT 

SQUARE,DOWN,UP,EDGE 
*NCOPY, OLD SET=BOT, CHANGENU=2000, NEW SET=NALL, SHIFT 

0.00188,0,0.300000 

0,0,0,0,0,0,0 
*NCOPY, OLD SET=BOT, CHANGENU=4000, NEW SET=NALL,SHIFT 

0.00373,0,0.600000 

0,0,0,0,0,0,0 
*NCOPY, OLD SET=BOT, CHANGENU=6000, NEW SET=NALL,SHIFT 

0.005522,0,0.900000 

0,0,0,0,0,0,0 
*NCOPY, OLD SET=BOT, CHANGENU=8000, NEW SET=NALL,SHIFT 

0.007226,0,1.200000 

0,0,0,0,0,0,0 
*NCOPY, OLD SET=BOT, CHANGENU=10000, NEW SET=NALL,SHIFT 

0.008817,0,1.500000 

0,0,0,0,0,0,0 
*NCOPY, OLD SET=BOT, CHANGENU=12000, NEW SET=NALL,SHIFT 

0.010268,0,1.800000 

0,0,0,0,0,0,0 
*NCOPY, OLD SET=BOT, CHANGENU=14000, NEW SET=NALL,SHIFT 

0.011558,0,2.100000 

0,0,0,0,0,0,0 
*NCOPY, OLD SET=BOT, CHANGENU=16000, NEW SET=NALL,SHIFT 

0.012665,0,2.400000 

0,0,0,0,0,0,0 
*NCOPY, OLD SET=BOT, CHANGENU=18000, NEW SET=NALL,SHIFT 

0.013572,0,2.700000 

o,o,o,o,o,o,o 
*NCOPY, OLD SET=BOT, CHANGENU=20000, NEW SET=NALL,SHIFT 

0.014266,0,3.000000 

0,0,0,0,0,0,0 
*NCOPY, OLD SET=BOT, CHANGENU=22000, NEW SET=NALL,SHIFT 

0.014734,0,3.300000 
o,o,o,o,o,o,o 
*NCOPY, OLD SET=BOT, CHANGENU=24000, NEW SET=NALL,SHIFT 

0.01497,0,3.600000 

0,0,0,0,0,0,0 
*NCOPY, OLD SET=BOT, CHANGENU=26000, NEW SET=NALL,SHIFT 

0.01497,0,3.900000 

0,0,0,0,0,0,0 
*NCOPY, OLD SET=BOT, CHANGENU=28000, NEW SET=NALL,SHIFT 

0.014734,0,4.200000 
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0}0}0}0}0}0}0 
*NCOPY

1 
OLD SET=BOT} CHANGENU=300001 NEW SET=NALL1SHIFT 

0.014266 }0,4.500000 

0}0}0}0}0}0}0 
*NCOPY1 OLD SET=BOT1 CHANGENU=320001 NEW SET=NALL}SHIFT 

0.01357210,4.800000 

0}010101010}0 
*NCOPY1 OLD SET=BOT1 CHANGENU=340001 NEW SET=NALL}SHIFT 

0.0126651015.100000 

0101o1o1o1o1o 
*NCOPY1 OLD SET=BOT1 CHANGENU=360001 NEW SET=NALL1SHIFT 

0.0115581015.400000 

0}0}01010}010 
*NCOPY1 OLD SET=BOT1 CHANGENU=380001 NEW SET=NALL1SHIFT 

0.0102681015.700000 

0}0}010101010 
*NCOPY1 OLD SET=BOT1 CHANGENU=400001 NEW SET=NALL1SHIFT 

0.0088171016.000000 
0}010101010}0 
*NCOPY1 OLD SET=BOT1 CHANGENU=420001 NEW SET=NALL1SHIFT 

0.0072261016.300000 

01010,0}01010 
*NCOPY, OLD SET=BOT, CHANGENU=440001 NEW SET=NALL1SHIFT 

0.005522,0,6.600000 

0}0}0}0,0}0,0 
*NCOPY, OLD SET=BOT1 CHANGENU=460001 NEW SET=NALL1SHIFT 

0.003731016.900000 
0}010}0101010 
*NCOPY, OLD SET=BOT1 CHANGENU=480001 NEW SET=NALL1 SHIFT 

0.001881017.200000 

010,0}0,01010 
*NCOPY, OLD SET=BOT1 CHANGENU=500001 NEW SET=TOP1 SHIFT 

0}01 7.500000 

01o}o1o1o,o,o 
*NSET,NSET=CENTER,GENERATE 

18}50018,2000 

* ELEMENT,TYPE=C3D8 

11116,7,2,200112006}200712002 
25136}37,1116}20361203712011}2006 

26}37,38,16111,2037}203812016}2011 

27}38,3912111612038,2039,2021,2016 

28,39,40,26,21,2039,2040,2026,2021 . 

29,10,15,42,41,2010,2015,2042,2041 

30,15,20,43,42,2015,2020,2043,2042 

31,20,25,44,43,2020,2025,2044,2043 

32,25,30,45,44,2025,2030,2045,2044 

33,43,44,47,46,2043,204412047}2046 

34,44,45,48,47,2044,2045,2048,2047 
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35,34,52,51,35,2034,2052,2051,2035 
36,33,53,52,34,2033,2053,2052,2034 
37,32,54,53,33,2032,2054,2053,2033 
38,31,55,54,32,2031,2055,2054,2032 
39,59,58,40,39,2059,2058,2040,2039 
40,60,59,39,38,2060,2059,2039,2038 
41,61,60,38,37,2061,2060,2038,2037 
42,62,61,37,36,2062,2061,2037,2036 
43,65,1,2,66,2065,2001,2002,2066 
44,66,2,3,67,2066,2002,2003,2067 
45,67,3,4,68,2067,2003,2004,2068 
46,68,4,5,69,2068,2004,2005,2069 
47,41,42,73,72,2041,2042,2073,2072 
48,42,43,46,73,2042,2043,2046,2073 
57,30,35,49,45,2030,2035,2049,2045 
58,40,57,31,26,2040,2057,2031,2026 
59,63,36,6,1,2063,2036,2006,2001 
60,5,10,41,71,2005,2010,2041,2071 
*ELGEN 
1,6,5,1,4,1,6 
*ELEMENT, TYPE=C306 
49,45,49,48,2045,2049,2048 
50,35,51,50,2035,2051,2050 
51,56,55,31,2056,2055,2031 
52,58,57,40,2058,2057,2040 
53,62,36,63,2062,2036,2063 
54,64,1,65,2064,2001,2065 
55,69,5,70,2069,2005,2070 
56,71,41,72,2071,2041,2072 
61,35,50,49,2035,2050,2049 
62,57,56,31,2057,2056,2031 
63,64,63,1,2064,2063,2001 
64,5,71,70,2005,2071,2070 
*ELGEN, ELSET=ELSET1 
55,25,2000,1000 
46,25,2000,1000 
45,25,2000,1000 
44,25,2000,1000 
43,25,2000,1000 
54,25,2000,1000 
*ELGEN, ELSET=ELSET2 
56,25,2000,1000 
64,25,2000,1000 
60,25,2000,1000 
19,25,2000,1000 
13,25,2000,1000 
7,25,2000,1000 
1,25,2000,1000 
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59,25,2000,1000 
63,25,2000,1000 
53,25,2000,1000 
*ELGEN, ELSET=ELSET3 
47,25,2000,1000 
29,25,2000,1000 
20,25,2000,1000 
14,25,2000,1000 
8,25,2000,1000 
2,25,2000,1000 
25,25,2000,1000 
42,25,2000,1000 
*ELGEN, ELSET=ELSET4 
48,25,2000,1000 
30,25,2000,1000 
21,25,2000,1000 
15,25,2000,1000 
9,25,2000,1000 
3,25,2000,1000 
26,25,2000,1000 
41,25,2000,1000 
*ELGEN, ELSET=ELSET5 
33,25,2000,1000 
31,25,2000,1000 
22,25,2000,1000 
16,25,2000,1000 
10,25,2000,1000 
4,25,2000,1000 
27,25,2000,1000 
40,25,2000,1000 
*ELGEN, ELSET=ELSET6 
34,25,2000,1000 
32,25,2000,1000 
23,25,2000,1000 
17,25,2000,1000 
11,25,2000,1000 
5,25,2000,1000 
28,25,2000,1000 
39,25,2000,1000 
*ELGEN, ELSET=ELSET7 
49,25,2000,1000 
57,25,2000,1000 
61,25,2000,1000 
24,25,2000,1000 
18,25,2000,1000 
12,25,2000,1000 
6,25,2000,1000 
58,25,2000,1000 
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62,25,2000,1000 
52,25,2000,1000 
*ELGEN, ELSET=ELSET8 
50,25,2000,1000 
35,25,2000,1000 
36,25,2000,1000 
37,25,2000,1000 
38,25,2000,1000 
51,25,2000,1000 
* ELSET,ELSET =ELALL 
E LSET1, E LSET2, E LSET3, E LSET 4, E LSET5, ELSET6, ELSET7, E LSET8 
*SOLID SECTION,ELSET=ELALL, MATERIAL=STEEL 
* MATERIAL,NAME=STEEL 
*ELASTIC 
2.9008E7,0.3 
*PLASTIC 
50038 
*STEP,N LGEOM,I NC=50 
*STATIC, RIKS 
0.1,1,0.1,40,1000,26018,1,0.5 
*BOUNDARY 
18,1,3,0 
50018,1,2,0 
CENTER,2,2,0 
*CLOAD 
TOP,3,-100 
BOT,3,+100 
*EL PRINT,FREQUENCY=O 
*NODE PRINT,NSET=CENTER,FREQUENCY=1 
u1 
*END STEP 
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