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CHAPTER I 

INTRODUCTION 

The analysis and design of structures has advanced greatly in 

recent years, due in large part to the use of digital computers. Pro­

blems requiring complex derivations for their solution may now be 

handled relatively easily using numerical methods in an iterative 

(trial and error) form. In an iteration procedure a trial solution 

is made and then checked for correctness. If the solution is not 

correct an error exists and the problem must be solved again with 

changed parameters. If the iteration is to converge, each successive 

solution must be closer to the correct solution. This process is 

continued until the error is acceptable. The procedure just described 

is referred to as the open form approach, and is commonly used by 

computer programs for the analysis of non-linear structural systems. 

The primary goal of this project was the determination of the 

ultimate load capacity of a circular steel tube loaded as a beam-column, 

i.e., a loading condition consisting of both axial load and flexure. 

Methods for calculating the combination of axial load and bending mom­

ent at failure in wide-flange members have been developed (11) and are 

currently employed in design practice. Previous investigators (4, 6, 16, 

17) have shown that tubular members exhibit structural characteristics 

markedly different than wide-flange shapes when subjected to loads 

causing stresses above the elastic range. Since a systematic technique 

to determine the ultimate strength of tubular members is so far not 



available, an investigation was launched to develop an analytic tool 

in the form of a computer program which could be used to gener ... ~e 

load displacement histories and calculate failure loads for circular 

steel tubes. 

2 

The computer model involves two separate phases of calculations, 

Figure 1. First, the moment-thrust-curvature (M-P-0) relationship 

for the member cross section is obtained. Using this as input, the 

ultimate strength of the beam-column is determined for a selected 

pattern of loading. The computer model is capable of accounting for 

the effects of residual stresses during the generation of the M-P-~ 

relationship. The inclusion of any configuration of stress-strain 

relationship may be accomplished by providing appropriate input data 

in tabular form. It should be noted that while this investigation 

includes the determination of M-P-0 data, those provided by other 

investigators may also be used. The calculation of failure loads is 

accomplished by a numerical technique which increases the load by a 

variable step incrementing procedure until no further load can be 

supported. At this point the beam-column is considered to have re­

ached failure. 

The major use of the computer model in this investigation is 

the development of curves giving combinations of axial load and end 

moments which cause failure. These curves are commonly referred to 

as interaction diagrams, Figure 2. Interaction diagrams for wide­

flange members are available and design equations based on these have 

been developed (3), however, it is generally believed that they give 

excessively conservative results when applied to tubular members. 
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PHASE I 

Determination of Moment-Thrust-Curvature 
(M-P-~)Relationships for Member Cross Section 

•I 

PHASE II 

Calculate Failure Loads for the 
Specific Beam-Column Configuration 

Figure 1 Block diagram of tne computer model 
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The economical design of tubular members is of special interest 

to engineers involved in the design of offshore facilities. CL'cular 

tubes are commonly used in offshore construction because of their 

ability to resist bending equally well in any direction. They also 

exhibit a greater flexural reserve strength beyond first yield tha·l1 

the wide-flange shape, and are not subject to lateral-torsional buck­

ling. Engineers will be limited to available design equations de­

veloped for wide-flange sections until acceptable criteria specifically 

for circular tubes is established. Information dealing with the 

overall column stability of circular tubes will provide a basis for 

the development of a design specification for such members. 

The analytical investigation was supplemented by a testing 

program which consisted of loading four model tubes to failure by an 

eccentric axial load. The results of these tests and published test 

results of other investigators were used to check the validity of the 

computer model used in this study. 

The following discussion includes a brief review of research 

related to tubular members, a documentation of both the computer model 

and the testing program, and a comparison of the analytical and exper­

imental results. 



CHAPTER II 

REVIEW OF LITERATURE 

A great deal of work has been done on the analysis of wide-

f lange members loaded as beam-columns (8,11), however there seems to 

be a scarcity of published information concerning the response of 

round steel tubes subjected to the combined effects of bending and 

axial load. Work by Ellis (5) consisting of both an analytical and 

experimental investigation has been reported. Another analytical 

investigation by Snyder and Lee (18) is available, however, the appli­

cation of the method proposed is limited to specialized beam-column 

configurations. 

Results of experimental studies include the report of tests on 

square tubes by Dwyer and Galambos (4). The major thrust of the report 

was to compare the relative strengths of the square tube and wide­

flange cross sections. Tests of circular tubes in pure bending have 

been carried out by Sherman (16,17) with the major objective being 

the determination of a limiting diameter to thickness ratio to pre­

vent local buckling. In view of the somewhat limited nature of the 

reported investigations concerning circular tubes, a computer model 

which has applicability to a wide variety of support and loading 

conditions would be useful. 

The beam-coluum analysis technique used in this investigation 

(Matlock's Recursive Technique) has been modified by previous invest-



igators to perform advanced beam-column analysis. For example, 

Mueller (15) modified the technique to handle beam-columns on non· 

linear foundations. Also, the technique was used by Matlock and 

Taylor (14) in a computer program to analyze beam-columns under move­

able loads. However, so far as can be determined, the technique has 

not been applied to the ultimate strength analysis of beam-columns. 

7 



CHAPTER III 

COMPUTER MODEL 

The initial portion of this paper documents the development 

of the computer model used to determine the ultimate load capacities 

of tubular beam-columns. Also included are design applications in 

the form of interaction diagrams, and a comparison of the analytical 

results with published test results of other investigators. 

PROBLEM DEFINITION 

The collapse of a beam-column may be classified as either elastic 

instability (no yielding at any cross section) or plastic instability 

(partial or complete yielding at some or all cross sections). While 

the determination of the elastic buckling load is normally accomp­

lished by a closed form solution technique (i.e., Euler's Equation), 

the determination of the plastic buckling load involves non-linear 

relationships and is most readily handled by an open form approach. 

The major difficulty arises from the fact that once plastic action 

starts, Hooke's Law is no longer valid. The computer model developed 

in this investigation may be used to predict the ultimate strength 

of tubular beam-columns which fail by either elastic or plastic in­

stability. 

Other factors considered in this study include residual stresses 

due to the manufacturing processes of the tube and the effect of the 



actual stress-strain relationship of the material. Local buckling 

was not investigated, however, reports of other investigators : .. ·e 

referenced to be used as a separate check. The problems of initial 

crookedness of the member and ovalization of the cross section were 

beyond the scope of this project. 

OVERVIEW 
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As mentioned previously, the computer model consists of two 

major components; generation of moment-thrust-curvature (M-P-0) 

relationships and determination of failure loads. The moment-thrust­

curvature relationships are a property of the member cross section 

and define, for a given strain condition, the stress distribution and 

magnitude necessary for equilibrium. The M-P-~ curves are the basic 

data from which overall column stability can be determined in that 

they define the behavior of the member in both the elastic and in­

elastic range. The M-P-0 relationships are a direct input into the 

failure load program (Figure 1). This allows M-P-0 data developed by 

other investigators to be used in calculating failure loads. Details 

of each phase of the computer model are now presented. 

MOMENT-THRUST-CURVATURE RELATIONSHIPS 

General 

The determination of the M-P-0 relationship is accomplished by 

an open-form solution technique. As noted by previous investigators 

(6), closed form solutions for determining M-P-0 relationships are 

often tedious and time consuming since several special derivations 
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must be made. Also, because of the complexity of the derivations 

involved, closed form solutions use an idealized bilinear stref_­

strain diagram and have limited ability to incorporate resiqual stress 

patterns into the analysis. An open-form solution technique to de­

termine M-P-0 relationships for circular tubes by dividing the cro~s 

section into horizontal sectors has been previously developed (6). 

However, it is believed that the method presented herein is more 

accurate and complete for element idealization, allows the invest­

igation of more general residual stress patterns, and contributes to 

the overall efficiency of the computer model. 

The open-form technique developed in this investigation divides 

the cross section of the circular tube into layers of elements dis­

tributed around the circumference as shown in Figure 3a. The number 

of layers and elements per layer are limited only by the size of the 

specified arrays in the computer program. This technique permits the 

inclusion of any configuration of material stress-strain relationship 

and residual stress distribution patterns directly into the solution. 

To maintain maximum flexibility for the user, one of two forms of 

input for the inclusion of residual stresses may be used: 

1. An assumed stress pattern consisting of a linear variation 

between three peak values (Figure 3b). 

2. Any distribution of stresses in matrix form. 

Although the assignment of any residual stress value to each 

element is possible, it is required that the final distribution be 

statically admissible by satisfying basic conditions of static equil­

ibrium. (See Appendix III for adjustment of an assumed stress pattern.) 



(a) 

Figure 3 

12.3 ksi 

(b) 

Element configuation and assumed residual stress distribution 

..... ..... 
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Analytical Procedure for Determining M-P-0 Data 

The technique used to generate the M-P-0 data uses three .ate­

gories of stress and strain; those due to residual stress, axial 

load, and bending. The loads are applied in the following order. 

First, the applicable residual stress and strain value is assigned 

to each element. A percentage of the stub-column yield load, Py, is 

then applied to the cross section. This axially stressed cross section 

is then given a value of curvature and the moment corresponding to a 

state of equilibrium is calculated. The result is a value of moment, 

thrust and curvature (M-P-0) satisfying equilibrium. The process is 

repeated with different combinations of axial load and curvature to 

obtain an adequate number of points to describe the family of M-P-0 

curves. 

The calculation of the M-P-0 relationship uses two iteration 

loops as shown in the flow chart of Figure 4. The first determines 

the correct axial strain value due to the applied percentage of Py. 

This is necessary because it is possible for the sum of the axial 

strain, P/AE, and the residual strain to exceed the yield value on 

some elements. In such cases the elemental stress available to resist 

axial load is less than that predicted by elastic theory. Since the 

residual stress distribution is an initial condition, its value can­

not be changed. Therefore, the additional force must be provided by 

other elements. It should be noted that the stress distribution and 

its magnitude are calculated by allowing the strain on all elements 

to be increased by the same amount. The resulting stresses are ob­

tained from the material stress-strain information. The second iter-



START 

Assign appropriate residual stress and strain (Er) value J 
to each element. 

Apply axial load (P) and 
calculate the strain (E ~ P/AE) 

a 

Calculate the total strain (E ·E-+E ) for each element 
t r a 

Using et and the stress-strain relationship find the 
total force on the cross section (F). 

No 
Adjust 

Assign a value of curvature 

Determine the strain on each element due to 
curvature ( Er/J ) 

Calculate the total strain for each element 

E 
a 

Using Et and the stress-strain relationship; determine the 
total force (F) and the bending moment (M) on the cross section 

No 

STOP 

Adjust the location 
of the neutral axis. 

Figure 4 Flow diagram for calculation of M-P-~ data 
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ation determines the correct location of the neutral axis given a value 

of curvature. It is initially assumed to be at the centroid Ol the 

cross section. AB mentioned earlier, with an axial load applied to 

the column section, a value of curvature is assumed; then the bending 

moment and thrust necessary to hold this state of strain are calculated. 

If the calculated thrust does not agree with the applied axial load, 

the location of the neutral axis is shifted until agreement within a 

specified tolerance is obtained. The M-P-0 data calculated by this 

procedure are normally depicted as a family of curves such as those 

in Figure 5. These curves represent the correct combination of bending 

moment, axial load and curvature for a circular tube. AB may be ob­

served, the M-P-0 data have been normalized by dividing each quantity 

by its value at first yield. Normalization is helpful in presenting 

data of this type since the data represent circular tubes in general 

rather than one specific circular tube. A family of curves for per­

centages of Py ranging from 0.0 to 1.0 make up the M-P-0 data used by 

the beam-column analysis program. 

The M-P-~ relationship shown in Figure 5 were calculated for a 

standard weight ro\Dld structural tube with a 10 inch nominal outside 

diameter (ID/OD= 0.932) without considering residual stress effects. 

The material properties were approximated by a bilinear stress-strain 

relationship with a modulus of elasticity of 30 x 103 ksi and a yield 

stress of 35 ksi. These values are the minimum specified in the 

American Society for Testing and Materials standard A53 for Grade B 

pipes of types E and S. Although the M-P-0 data presented in Figure 

5 were calculated for a particular circular tube, they may be used to 
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Figure 5 Moment-thrust-curvature relationship 
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represent the moment-thrust-curvature characteristics of all thin 

walled circular tubes with an average shape factor of 1.30. 
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It is important to note that local buckling criteria and oval­

ling effects have not been incorporated in the moment-thrust-curvature 

calculations. A separate check for local buckling should be made ior 

the specific tubular section under consideration. Suggested methods 

for determining the limiting diameter to thickness ratio (D/t) have 

been previously outlined (13, 16, 17). 

Consideration of Residual Stresses and Nonbilinear Stress-Strain 

Relationships 

As noted earlier the computer model may be used to determine 

the effect of residual stresses and nonbilinear stress-strain relation­

ships on the predicted failure load. The approach selected was to 

incorporate the particular residual stress pattern and/or stress­

strain relationship into the moment-thrust-curvature data which was 

then used in the failure load analysis. The effect on the M-P-0 

curves is an indication of what change to expect in the ultimate load 

value, i.e., M-P-0 curves which exhibit relatively higher bending 

moment capacities will result in relatively higher ultimate load values. 

Consider first the effect of residual stresses. Since no test 

data on the actual residual stress distribution in a circular tube was 

available, the stress distribution shown in Figure 3b was assumed. 

This stress distribution is the assumed result of the longitudinal 

welding of the tube. The cross section used in this comparison is the 

same as that used for the generation of the M-P-0 curves shown in 

Figure 5. In determining the moment-thrust-curvature relationship it 
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was assumed that the axis of bending passed through the weld although 

any axis orientation could have been chosen. A comparison of l1.e 

M-P-0 curves with and without the effect of the assumed residual stress 

pattern is shown in Figure 6. Notice that for a constant value of 

axial load and curvature the calculated value of bending moment is 

significantly lower for the case which used the assumed residual stress 

pattern. The relative difference is especially large at combinations 

of low curvature and high axial load. 

As developed, the computer model permits either an idealized 

bilinear stress-strain relationship or stress-strain values obtained 

from the results of coupon tests to be used in the development of the 

moment-thrust-curvature relationship. M-P-0 curves using the stress­

strain data depicted in Figure 7 are presented in Figure 8. The cross 

section considered had an outside diameter of 10.752 inches and a wall 

thickness of 0.194 inches. Note, for low strain values the bilinear 

stress-strain relationship overestimates the actual strength. As the 

strain values increase the effects of strain hardening become notice­

able as the curve representing the actual stress-strain data shows a 

greater bending moment capacity than the curve developed using the 

bilinear stress-strain relationship. 

The procedure for including the actual stress-strain data in­

volves interpolating a stress value for a given strain value from 

tabular data. The tangent modules approach was used with the inter­

polation performed by a second order divided difference. Unequally 

spaced points may be used thus permitting a better idealization in 

areas of special interest, such as the initial part of the stress-
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strain curve. Details of the interpolation procedure are given in 

Appendix IV. 

DETERMINATION OF FAILURE LOADS 

General 

21 

The determination of the ultimate load capacity of a beam-column 

is accomplished by a numerical method which increments the load until 

failure. For each value of load the beam-column is analyzed and a 

check for failure is made. Next, the bending stiffness is adjusted 

as required. The member is then reanalyzed until the adjustment is 

negligible at which time the load is increased and the process continued. 

The following are required to implement this procedure: 

a) method for analyzing beam-columns 

b) detection of yielding and appropriate adjustments 

c) mathematical definition for buckling 

d) iterative procedure for incrementing the load 

A detailed explanation of each of these follows. 

Beam Column Analysis 

The beam-column analysis employs Matlock's recursive solution 

technique (9, 14, 15). The following discussion deals only with the 

fundamental characteristics of Matlock 1s technique. A complete deriv­

ation of the recursion equations is given in Appendix I. 

Matlock's method is a general purpose elastic beam-column anal­

ysis technique. The method conveniently handles a wide variety of 

support and loading conditions, and accotmts for the P-Delta effect. 

The bending stiffness can vary along the member length in any conceivable 
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configuration. Since plastic action essentially changes the bending 

stiffness, the latter characteristic of this method allows it 1. \ be 

employed in an iterative analysis of beam-columns with stress con-

ditions above the elastic range. However, the method is limited to 

a planar problem, i.e. all loads and support reactions pass throug:1 

the vertical axis of the member. 

The method of analysis may be characterized as a finite diff-

erence approach which divides the member into a number of equal length 

segments, as shown in Figure 9. Each segment is assumed rigid with 

the bending stiffness (EI) concentrated at the joints which, hereafter, 

are referred to as stations. All distributed load and support values 

are input to the computer program as concentrated values at the sta-

tions. The solution procedure is to first calculate the transverse 

deflection at each station and then perform a finite difference 

differentiation to calculate slope and curvature. As the curvature 

values are calculated the bending moment at each station is determined 

from the equation of the deflected elastic beam: 

(1) 

where i • station number 

M = bending moment 

EI= bending stiffness 

h dXZ = 0 • curvature 

The differentiation is then continued to calculate shear and net load. 

For beam-type members the calculated net load provides a positive 

check on the solution, that is, if the calculated net load is equal 
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to the input load, then the solution is correct. However, if axial 

load is present, the P-Delta contribution to the bending moment -.,ill 

show up in the net load making it differ slightly from the input load 

(see Appendix I for a detailed explanation). 

Detection of Yielding and Appropriate Adjustments 

The method of analysis just described is an elastic solution, 

however for beam-columns of short and intermediate length there will be 

some yielding before failure. The procedure used to account for yield­

ing is to adjust the bending stiffness (EI) at all stations where 

yielding has occurred. The approach used is the "Secant Stiffness" 

method. The adjustment results in a member with a variable stiffness 

along its length, which Matlock's method is capable of handling. It 

should be noted that the adjustment is to the data describing the mem­

ber being analyzed and not to the basic analytical procedure. 

The moment-thrust-curvature relationship represents the correct 

combination of bending moment, axial load, and curvature. Note that 

equation (1) represents the initial straight-line portion of the M-P-0 

curves with the slope equal to the bending stiffness. As the M-P-0 

curve in Figure 10 indicates, the relationship between moment and curv­

ature is not linear after the cross section starts to yield. At this 

point the bending moment calculated from equation (1) will not agree 

with the bending moment determined by the M-P-0 curve for given values 

of axial load and curvature. (The procedure for interpolating the 

bending moment from the M-P-0 curves is given in Appendix IV.) To 

achieve agreement a "secant stiffness" value is substituted for the 

old stiffness so that the bending moment on the M-P-0 curve equals the 
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Figure 10 Stiffness adjustment 
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product of the secant stiffness and the curvature. The proaedure is 

repeated for each station which is not in agreement with the M-P-.~ 

data, and the beam-colunm then reanalyzed. The whole process is con­

tinued until all stations along the beam-column are in agreement with 

the moment-thrust-curvature relationship. 

Buckling Criteria 

A major concern of this study was the determination of a mathe­

matical definition for buckling. The analysis of a member, using the 

recursive technique, for load values up to and beyond the buckling load 

will produce a point of discontinuity at the critical load value. While 

this sudden change in the sign of a deflection, as shown in Figure 11, 

could possibly have been used as a test for buckling it was necessary 

to have a more fundamental definition. To achieve this, the equations 

used in the beam-column analysis were examined. 

The two basic recursion equations in Matlock's method are: 

ai yi-2 + bi yi-1 + ci Yi + di Yi+l + ei Yi+2 = fi (2) 

(Eq. 1.15, Appendix I) 

and 

(3) 

where 

Bi = Di ((ai Bi-2 +bi) ci-1 + di) 

Ci = Di (ei) 

Di = -1.0/(ci + (ai Bi_2 +bi) Bi-1 + ai ci-2) 
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If equation (2) is repeated for each station 'i' along the member 

and the result written in matrix form, the coefficients ai - ei make 

up a stiffness matrix with a bandwidth of five. Furthermore, if the 

elements below the diagonal of this stiffness matrix are driven to 

zero by a Gaussian Elimination procedure, the resulting equations ure 

described by equation (3). Solving equation (3) for each station 

amounts to back substituting for calculating deflectons. Therefore, 

since Matlock's method is equivalent to a Gaussian Elimination with 

back substitution the checks for stability used in classical matrix 

methods may be applied, 

In classical matrix analysis stability requires that the stiff­

ness matrix be positive definite (12). Mathematically this condition 

exists when all terms on the diagonal of the stiffness matrix are 

positive after elimination (12). Therefore, if a negative or zero 

term appears as a diagonal element of the stiffness matrix after the 

elimination process, the structural system is unstable or buckling has 

occurred. Note that Di is the negative reciprocal of the diagonal 

element for each row of the stiffness matrix after elimination. There­

fore, as a diagonal term approaches zero Di approaches infinity and if 

a diagonal term is negative the corresponding Di value will be positive. 

Figure 12 shows the behavior of Di as the buckling load is approached. 

Iterative Procedure for Incrementing the Load 

A variable step load incrementing procedure was used to. determine 

the ultimate load value. In order to save computer time, a large 

load increment was chosen to start the process. It was decreased by 

one-half, and the member solved again if one of the following conditions 
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occurred: 

a) instability ~as reached 

b) the number of iterations to achieve agreement with the 

M-P-0 data exceeded a limit set in the program. 

The process of decreasing the load increment was continued until it 

became sufficiently small. At this point failure was considered to 

have occurred. It should be noted that any load including axial load, 

applied moment, or transverse load may be incremented to failure. A 

flow chart summarizing the procedure is shown in Figure 13. Appendix 

(IV) contains a detailed flow chart of the beam-column analysis. 

DESIGN APPLICATIONS 

the computer model used in this investigation is very flexible 

and thus allows the systematic study of the change in the ultimate 

strength of tubular beam-columns caused by varying different parameters. 

The program can account for the effect of a nonbilinear material stress­

strain curve and longitudinal residual stresses in the generation of 

the M-P-0 data and consequently can calculate the resulting change 

in failure load. In addition to the effect of these material imper­

fections, the changes in failure load capacity caused by varying 

support and/or loading conditions may be studied. The program can 

analyze beam-columns with any combination of axial and transverse 

loads and discrete moments applied along the member. Supports may 

consist of rollers, fixed ends or transverse and rotational springs. 

Intermediate supports and varying stiffness along the member may also 

be studied. 



START 

Analyze the beam-column. Save calculated values for curv­
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Figure 13 Flow diagram for determination of failure load. 
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The presentation of the ultimate load capacity of beam-columns 

is normally accomplished by interaction diagrams which providE the 

maximum combination of axial load and bending moment that can be sup­

ported for specified slenderness ratios (L/r). Although the program 

is capable of developing interaction diagrams for a wide range of 

slenderness ratios, end conditions and loading configurations, the 

scope of the project dictated that only a few be developed. The inter­

action curves selected were for loading patterns most common in design 

applications and consisted of axial load and the following end-moment 

configurations: 

a. Equal end moments causing single curvature (Figure 14) 

b. Moment at one end only (Figure 15) 

c. Equal end moments causing double curvature (Figure 16) 

The loading sequence was to apply the end moment(s) first and then 

increment the axial load until failure. Slenderness ratios of L/r • 

40 and L/r • 120 were selected to depict the behavior of short and 

long beam-columns. The M-P-0 data used in developing these interaction 

curves are those presented in Figure 5. 

The effect of residual stresses on the ultimate load capacity 

of a beam-column was also determined. Using the M-P-0 data shown in 

Figure 6, corresponding interaction diagrams were generated for a 

circular tube with equal end moments causing single curvature. The 

resulting interaction diagrams are shown in Figure 14 and indicate 

that residual stresses cause a reduction of the ultimate strength of 

the circular tubes. This effect appears to be more prominent for the 

higher values of P/Py• 
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Figure 14 Interaction diagram, Fy = 35 ksi 
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39 45 CONTINUE 
40 C *** CALCULATE DIVIDtO Ulf~EKENCE~. 
41 ITA5l=I fAB+l 
42 ITA92=ITAB+2 
43 DD11=<YVAL<IT~Bl>-YVAL<ITAH>> 
44 +/(XVAL!ITABI>-XVAL<ITAHI) 
45 DD12=<rVAL(ITAB~>-YVAL<lTAHl>> 
46 +/CXVAL!ITA92>-XVALllTABl)) 
41 DD22=< S ~l2-DDll)/lXVAL(lTAHl>-XVAL<iTA~l> 

48 C *** FIN) 'Y'• 
49 Y=YVAL<ITAB>+<X-XVAL<lTAB>>*DDll 
~O ++CX-XVAL<ITAB>>*<X-XVALlITAHl))*DD22 
51 Y:y~$~~ 

~2 999 Pf TJRN 

53 END 
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RESIDUAL STRESS PROGRAM 

DATA INPtrr 

Note: Numbers at left indicate card columns. 

A. Cross Section and Material Properties 

FORMAT (2I5,4El5.5) 

1-5 Number of layers of elements. 
(Max. = 5) 

6-10 number of elements in 1/4 circle of one layer. 

(The product of the above two numbers must not exceed 50.) 

11-25 Outside diameter (in.) 

26-40 Wall thickness (in.) 

41-55 Modulus of elasticity (ksi). 

56-70 Yield stress (ksi). 

B. Date and Time of Run 

FORMAT(4I5) 

1-5 Month 

6-10 Day 

11-15 Year 

16-20 Time (001-2400) 

C. Initial Stress Values 

FORMAT (3El0.3) 

1-10 Tl - Tensile stress value (ksi). 

11-20 C - Compressive stress value (ksi). 

21-30 T2 - Tensile stress value (ksi). 
(The program does not allow the residual stress at any 
element to exceed the yield stress.) 



D. Stress-Strain Option 

FORMAT(2I5) 

1-5 Number of tabulated points on stress-strain curve. 
(Enter 0 if previous response was -1) 

Note: Data is now complete if the actual stress-strain data 
is not used. 

E. Stress-Strain Data 

For each tabulated point on the stress-strain curve: 

FORMA.T(2El5.5) 

1-15 Stress value (ksi). 

16-30 Strain value 

170 
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RESIDUAL STRESS PROGRAM 

FLUW DIAGRAM 

START 

• 

Read: NLYR, NELE, OD, WT, E, FY 

' 

Read Tl, C, T2 

Is tabular 
No stress-strain data 

#' 

useci? 
" 

,,Yes 

Read stress-strain data. 

·~ 
~ 

' 

Calculate for each layer: 

Average radius 
Arc length of elements 
Area of elements. 

1 ~ 



Compute the distance from the 
bottom of the cross section 
to each element. 

Locate the max. compressive stress 
at the center of the cross 
section. 

Beginning of iteration to 
determine the correct value 
of T2. 

Have more than 
20 iterations been 

performed? 

No 

Yes 

172 

STOP 



Beginning of iteration to 
determine the correct location 
of 'C'. 

Have more than 
20 iterations 
performed? 

No 

Compute the net force 
on the cross section. 

Is the net force 
nearly equal to 

0.0? 

Yes 

No 

STOP 

Adjust the 
location of 'C' 

Go To 400 

173 



Yes 

Interpolate tne strain 
for each element -
SUBROUTINE INTERP 

Stop if the stress 
on any element 

exceeds the yield 
stress. 

Compute the net 
bending moment on the 

cross section. 

Is the net 
bending moment 

nearly equal to 0.0? 

Yes 

Is tabular 
stress-strain data 

used? 

No 

No 

Adjust the 
value of T2. 

Go To 300 

Calculate the strain 
for each element. 

using Hooke's Law. 

Stop if the stress 
on any element 

exceeds the yield 
stress. 

Print the stress and strain value for each element. 

STOP 
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l 
2 
3 
4 
5 
6 
7 
H 
9 

10 
11 
12 
13 
14 
15 
16 
1 7 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

c *** 
c *** 

*** 

PESIDUAL STRESS P~OGRAM ARNOLD L. WAGNER AUG. 1975 
THE ruoPJSE OF THIS PRO~RAM IS TD MODIFY AN ASSUMED 
RFSICUAL STRESS DISTRIBUTIO~ IN ORDER TO SATISFY EQUILIBRIUM. c 

c *** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C *** NO ~ESIDJAL STRES5 VALUE ~AY EXCEED T~E YIELD STRESS 
c *** 
c *** 
c *** 
c *** 
c *** 
c *** 
c **it 
c *** 
c *** 
c *** 
( *** 
c *** 
c *** 
c *** 
c *** 
c *** 
c *** 
c *** 
c *** 
c *** 
c *** 
c *** 
c *** 
( *It* 
c *** c **It 
c *** 
c *** 
c *** 
c *** 
c *** 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
VARIABLES 
AFRC - A'3S:lLUTE VALUE OI- FORCE 
A~O~ - ABSOLUTE VALUE O~ XMOM 
APC - ~RC DISTANCE FROM TDP OF CROSS SECTIO~ TO ELEMENT 
ARCI<I> - ARC LENGTH OF ELEMENT I~ LAYER •I• 
APEAE<I> - ~REA OI- ELEMENT IN LAYER 'I' 
AVGRCIJ - AVERAGE RADIU~ TO LAYER 'I' 
C - ASSU~ED MAX• COMPRE5SIVE STRESS 

(NOT CHANGED> 
CJSTclJ) - DISTANCE FRO~ Borro~ OF CROSS SECTION 

TO F.:LE"'IENT 'I J' 
E - MODULUS OF ELASTICITY 
EFRC<IJJ - FORCE JN ELEMENT 'IJ' 
FORCE - TOTAL FORCE ON LROSS SECTION 
FqCP - FORCE VALUE ON LAST ITERATION 
FY - YIELD STRESS 
TRAT - FLAG TO ALLOW THJS PROGRAM TO BE RUN IN THE 

GATC~ MODE AS WELL AS TI~ESHARING 
Nl - MAX. ~UMBER OF ITERATIONS ALLOWED TO OATAIN 

SUMMATION OF FORCES EQUAL TO ZERO 
r' 12 - MAx. "'JUMBER OF ITE~ATIONS ALLO~ED TO OBTAIN 

SUM~ATION OF MCMENTS EUUAL TO ZERO 
~es - •l = ACTUAL STRES~-STRAIN DATA JSED 

-1 = AILlhEAR STR~SS-STRAIN RELATIONSHIP 
rFLE - NJMBER oF ELf~ENlS IN 1/4 CIRCLE IN ONE LAYER 
~FLE2 - ~U~BER OF ELEMENTS IN 1/2 CIRCLE I~ 3NE LAYER 
NLY~ - NJMBER OF LAYERS 
~HP - ~1U'1BER OF TA!:3ULATED POI~HS 01• STRESS-STRAIN CURVE 
O~ - OJTSIDE DIAMtTER QI- TUBE 
ry - AXIAL LOAD AT FJPSl YIELD 



37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
4! 
4b 
49 
50 
51 
~2 

53 
54 
55 
56 
57 
5f< 
59 
60 
61 
62 
63 
64 
t-5 
66 
67 

. 68 
69 
70 

c *** 
c *** 
c *** 
c *** 
c *** 
c *** 
c *** 
c *** 
c *** 
c It** 
c *** 
c *** 
c *** 
c *** 
c *** 
c *"'* 

c *** 
c *** 
c 
c 
c 
c 
c 
c 
c 
c 
c 

*** 
*** 
*** 

*** 
*** 
*** 
*** 

P.c;T~~HJJ> - RESlDJAL STRAIN AT ELEMENT 'IJ• 
PST~5(JJ> - RF~lDJAL ST~ESS AT ELEMENT •IJ• 
STOP~~ - ALLOWABLE DEV I A Tl ON t-ROM ZERO MOMENT 
STOPP - ALLJW~BLE DEvlAllON FROM ZERO FORCE 
~TR~J - INTERPOLAIED STkAIN VALUE 
STRSX - RSTRS(l~> 
Tl - ASSUMED TENSILE ST~ESS AT TOP OF CROSS SECTION 

( r .. oT CriANGEC) 
TZ - ASSUMED TE~SILE STRESS AT BOTTOM OF CROSS SECTION 
( CHA~~GfD T:> ACHIEVE ZFRO ~0-.,E'iT > 
THETA - ANGLE FRO~ TOP OF t~oss S[CTl~N TO EL[MENT 
TLY~ - Trl1CKNES5 ~F EACH LAYtR 
TZI~C - AMOUNT OF CHANGE IN T2 
WT • WALL THICKNE~S OF TUBE 
xn - CHA~GES FROM 1 TO 0.5 AFTER CORRECT XDIST IS PASSED 
XDJ~C - AMJUNT OF CHANGt IN XDIST 

xn1ST - DISTANCE t-RO~ BOTTO~ OF CROSS SECTION TO •c• 
<CHANGFD TO ACHIEVE ZERO FORCE) 

XID - I~SIDE DIAMtTER 
XM - C~A~GES FROM 1 TO 0.5 AFTER CORRcCT TZ IS PASSED 
XMQ'-1 - TOTAL MOME"'-'T ON <:.ROSS SEC TI ON 
XMJ~P - XMJM VALUE ON LAST ITERATION 
x~y - ~o~E~T AT FIRST YlELD 
XVAL(K) - STRESS VALUE ~R~M 5TRESS-STRAIN CURVE 

<~OTE DIFFERENT MEANIN~ JN MTPHI PROGRA~> 
YVAL(K> - STRAlh VAL~E ~ROM 5TRESS-STRAIN CU~VE 

<~OTE DIFFLREMT ~EANIN~ IN MTPHI PROGRA~> 
DIME~SIO~ ~STRS<100>,RSTRN<lOO>,DIST<100>,EFRC<lOO) 
~J~E~SIO~ AVGR<5>tAREAE<5),ARCI<5> 
DI~EtiSJO'J XVAL<20>,YVAL<20> 
IBAT=-1 
IPtiT=l 
tr(IFAT) llt999tll 

11 I ~E AC·= 10 



7 1 
72 
73 
74 
75 
76 
l7 
78 
79 
80 
81 
82 
83 
84 
85 
86 
H7 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 
104 

IWRT=6 
(;() TO 14 

12 IREAC=2 
IWRT=5 

14 PfADCI~EADtlOO> NLYR,NELEtODtWTtEtFY 
100 FOR..,AT!2I5t4El5e5> 

PEADCIREADtl05) IJltlD2tID3tID4 
105 FOR\1ATC415) 

WPITFCh~~Ttl70) 
170 FnR~AT<t~lt//////t4lH DEPT. OF ENGINEERING AND APPLIED SCIENCE t/t 

+26H POPTLAND STAT~ UNIVERSITY ,//, 
+44H ST~UCTJRAL TUdE RESIDUAL STRESS-STRAIN DATA 

v'PITE<IWRTtl75> IDl,ID2tlD3tlD4 
175 FOR\1AT!/,6H DATE=•l2,1H/,J2,1H/,I2t/t6H TI~E=tI4> 

WPITF<IWRTtl85> NELEtNLYR 
185 FrRViAT!/,6H NfLE=tl3t/thH NLYR=tl2) 

WRJTF(J~RT.180) oD.WTtEtFY 
180 FOR~AT(/, 25H OUTSIDE DIAMETER : 9 El5.St5H 

+ 25H WALL THICKNESS = tEl5.5t5H 
+ 25H MODJLUS Of ELASTICITY = tE15.5t5H 
+ 25H YIELD STRESS = tEl5.5t5H 

µEADClQEAD.110> TltCtT2 
110 FnR~AT<3El0.3) 

wqJT[ClWQTtl35) TltCtT2 

IN. 
IN. 
KSI 
KSI 

'I• 

135 FOR~AT!/t22H INITIAL STHESS VALUES t/t4~ Tl:,El0.3,3H C: 9 El0.3, 
+4H T2=•El0.3) 
REAJCI~EADtl20> N~S,NTP 

120 Ft"\R'v1ATl215) 
IFC"JfS.LT.0) GO TJ 16 
f:.'EADIIQEADtl30) CXVALCK) tYVAL(K) ,K=l 9 NTP) 

130 FOR~ATC2EJ5.5) 
16 NELE2=~;ELE*2 

NFTJT=~LYR*~ELE2 

l< J D=ClJ-2. O*•"'T 



105 
106 
107 
L08 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
1_40 

PY=3.l41593/4.0*(0D*OD-XID*XID>*FY 
XMY=3.141593/64.0*(0D**4•0·XID**4•0>*2•0/0D*FY 
sroPP=o.oooos*PY 
STOPM=O.OOl*XMY 
DO 10 I=lt~LYR 
DO 15 J=ltNELE2 
IJ:J+(I-l)*NELE2 
RSTRS(IJ>:O.O 
PSTRN(JJ):O.O 
DIST(IJ>=o.o 

15 CONTINUE 
AVGR(I>=o.o 
AREAE(I>=o.o 
ARCI<I>=o.o 

10 CONTINUE 
TLYR=WT/!14LYR 
DO 20 l=lt"iLYR 
AVGR(J):(QD-2.0*I*TLYR+TLYR>*0•5 
ARCI(J):(3.141593*AVGR(l))/NELE2 
AREAE(l>=ARCJ([)*TLYR 

20 CONTINUE 
DO 30 l=ltNLYR 
ARC=-ARCl(l)/2.0 
t10 35 J= 1, r.JELE2 
IJ=J+CI-l>*NELE2 
ARC=ARC+ARCl(l) 
THETA=ARC/AVGR(l) 
DISTCIJ>=AVGR(l)*COS(THETA>+AVGR(l>+TLYR/2.0+<I-l>*TLYR 

35 CONTINUE 
30 CONTINUE 

XOIST=0.5*00 
N2=0 
XM=l.O 
T2I 1'K=O. l*·T 2 
XDI"K=O. l•:JD 

C *** STAKT OF T2 ITERATION LOOP *** 

..... ...... 
00 



141 300 CONTINUE 
142 XD:l.O 
143 N2:~2+1 

l 4 4 I F < ~? • 0 T • 2 0 ) GO T J 9 9 9 
145 ta=o 
146 C *** ~TA~T ~F XDJST lTEPATION LOOP *** 
147 400 CONTINUE 
148 WRITECIIJRT,140) XJIST 
149 140 FORMAT<J,•XDIST=••Fl0.4l 
150 ~1=~1+1 
151 JF(~l.GT.30) GO TJ qq9 
152 FORCr=o.o 
1?3 C *** FIND STRESS AT E.ACtl ELE'MENT AND TOTAL FORCE *** 
154 DO 40 IJ=l•NETOT 
155 I=<IJ+NELE2-l)/NELE2 
156 IF<JJST<IJ>-XDIST> 41,41,42 

157 
158 
159 
160 
161 
162 
16~ 

l 1>4 
165 
166 
167 
168 
169 
170 
171 
172 
173 
174 

c 

c 

c 
c 

41 

42 
46 

40 

150 

*** 

*** 
52 

*** 
*** 

RST~S(IJ>=-<C+T2)/XDIST*DIST<IJ)+T2 
f.O TO 46 
PST~S<IJ>=<C+Tl)/(0D-XDIST>*<DI5TlIJ>-XDIST>-C 
fFRC<IJ>=RSTRSCIJ)*AREAE(J) 
FORCE=FO~CE+EFRC(lJ> 

CONT H"LJE 
~'PJTE<Ivv'RT•l50) F:::>RCE 
FCR~ATC;,•FORCE=••Fl0.4> 
~FRC=APSCF:::>RCE> 
IS THE TJTAL FORCE SUfFlClE~TLY SMALL •• 5l=YES•52=NO *** 
IF(AFRC-5T:::>PP) 51•51•52 
IF Nl=l THEN FRCP HAS NOT YET BEEN DEFINED *** 
IFc~n.Lr.2> GO TO 59 
JF FORCE HAS CHAN~ED SIGN THEN THE CO~RECT *** 
YDIST HA5 BEEN PASSFD *** 
IFCFORCE/F~CP) 53,51,59 

53 Xl)=~.5 
59 FP(P:f ,JR(E 



175 XDINC=SIGN(XDJNC•XD,FORCE) 
176 XOIST=XDIST+XDINC 
171 C ***TRY AGAI~ WITH NEW XDIST *** 
178 GO TO 400 
179 51 CONTINUE 
180 C *** 5UM~ATIO~ JF FORCES=O• NOW ~IND MOMtNT *** 
181 XDI~C=0.05*00 
1e2 XMo~=o.o 

183 ~O 50 lJ=ltNETOT 
18~ XMQ~:XVQ~+fFRC<IJ)*DIST(IJ) 

185 50 CONTINUE 
186 WPITE(IWRT.160) x~o~ 

187 160 FOR~AT<l•'MOMENT='•Fl0.4) 
l8A A~O~=A85(X~OM> 
189 C *** IS THE MJMENT SUFFICIENTLY 5MALL •• 6l=YESt62=NO 
190 lF(A~O~-STJP~) bl•61,~2 
191 C *** IF N2=1 THEN xMQMP HAS NOT YET BEEN DEFINED *** 
192 62 IF<~2.LT.2> GO TO 69 
193 C *** IF XMO~ ~AS CHANGED SIGN THEN THE CORRECT *** 
194 C *** T? HAS 9EEN PASSED *** 
195 JF(XM0¥/XMOMP) b3t6lt69 
196 63 XM:0.5 
197 69 X¥O~P=XMJM 
198 T2INC=SIGN<T2INC*XNtXMOM) 
199 T2:T2+T21NC 
200 C *** TPY AG~IN wlTH NEW T2 *** 
201 ~O TO 300 
202 61 CONTINJE 
203 C *** EQUILIRRIU~ SATISfIEO •••• CALCULATE STRAIN VALUES *** 
204 IF<~ES) 8lt8lt82 
205 81 CONTINJE 
206 DO 60 IJ=ltNETOT 
207 IF(~STRS<IJ>.GT.FY) GO TO 996 
208 PST~~,(JJ)=~STRS(JJ)/E 



209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 

60 CO"JTINJE 
(;Q TO 86 

82 CONTINUE 
~n 70 IJ=l.NETOT 
JF(~STRS(JJ).GT.FY) GO TO 996 
)t':RSTRS<IJ> 
CALL l~TRP<~TP,XVAL.YVAL,X,Y) 
P5T=<N(JJ):y 

70 CONTINUE 
86 ~OJTE<l~~T.200) 

200 FOR~AT(//,28H RESIDUAL STRESS-STRAIN DATA •I• 
+35H ELEM. ~O. ~lRfSS STRAIN ) 

WRITE (l'l"JRT •210> (I J,RSTRS (IJ) ,RSTRN ( IJ) • IJ=l .NETOT> 
210 FOR~ATC' •,y5~3X,2E15.5> 

GO TO 999 
99~ WRJTE<I~RT,250) 
250 FOR~Al(/,43H RESJJUAL STRESS VALUE EXCEEDS YIELD STRESS 
999 CONTINUE 

STOP 
END 

..... 
00 ..... 



1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
2 f; 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

SUB~OUTl~E INTRP(NTPtXVALtYVAltXtY) 
c *** 
c *** 

FOR A GIVEN 5TRl55 VALUE (X> FIND THE CORRESPONDING 
STRAIN VALUE <Y> JSING A SECOND ORDER DIVIDED 
PIFFERfNCE INTtHPJLATION c 

c 
c 

*** 
*** 
*** 

c *** 

IT IS ASSU'-"ED THAT IOtO> IS THE FIRST POINT ON THE 
CURVE 4ND THAT THE pRQpERTIFS IN TENSION AND 
COMPPESSIO~ ARE IJENTICAL 
rIMENSJO~ XVAL(20>•YVALl20) 
JF(X) 6lt62t63 

62 v=o.o 
GO Tc 999 

61 SGN=-1.0 
X=-X 
C:O TO 70 

63 SGN=l.O 
70 CONTINUE 

C * * * F 1 ND THE I NT ERV AL C 0 f-i TA I N I NG • X • 
IF<X-XVAL<NTP>> 66t67,6/ 

67 Y=YVAL<NJP>*SGN 
GO TO 999 

66 CONTINUE 
to 10 J=2tNTP 
IF<XVAL(J)-X) 2lt23t23 

21 CONTINUE 
10 CONTINUE 
23 ITAB=J-1 

c *** 
ITABl=ITAB+l 
MAKE ADJUSTMENTS IF NECESSARY 
JF(X-0.5*XVAL(ITAd>-0.5*XVAL<ITA81)) 3lt32t32 

31 ITA3=1TAB-l 
32 CONTI N:JE 

JF<ITAe> 42t42t43 
42 ITAB:ITAB+l 

U"l TO 45 
43 IX=ITA'.3+2 

IF<~TP-JX) 46.4?,45 



37 46 JX=~TP-IX 
38 ITAB=ITAB+IX 
39 45 CONTINUE 
40 C *** ~ALCULATE DIVIDED DIFFERENCES 
41 JTAAI=TTAB+l 
42 ITA32=IT~B+2 
43 D~Il=<YVAL(ITAtll)•YVAL<ITAB>> 
44 +/(XVAL<lTABl)-XVAL<ITABJ> 
45 DDI2=<YVAL(ITAB2>-YVAL<ITAB1>) 
4h +/(XVALCITA82)-XVALCITAB1)) 
47 or22=<0012-DD11>1<XVALCITAB2>-XVAL(IJA8)) 
48 C *** FIND 'Y' 
49 Y=YVAL<ITAB)+(X-XVAL<ITAB>>*DDll 
50 ++(X-XVAL<ITAB>>*<X-XVAL<ITA9l>>*DD22 
51 Y=Y*SG~ 
52 999 PFT~RN 
53 FND 
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