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FOR ALL SPECIMENS
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Figure A-79. LOAD AND ECCENTRICITY VS. LOAD STEP
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APPENDIX B
COMPUTER CODES USED FOR DATA REDUCTION

SGL

SGL converts the longitudinal and circumferential strain gage location measurements to x, y, and
z coordinates corresponding to the full-scale test sign convention. The input consists of the total
length, radius, measurements from the chalk line to the individual strain gage, and measurements
from end B at each strain gage ring location. The output consists of the strain gage locations

listed in the x, y, and z, coordinates.

DISPLAC
DISPLAC computes the resultant load, the chord shortening, the horizontal displacements, and

the vertical displacements at each data step. The input consists of specimen length, distances
from end A to the location of the horizontal and vertical displacement string pots, initial
distances of the line extended out of the string pots for the horizontal and vertical displacement,
and physical properties of the load frame. The input also consists of the calibration factors for
the strain gages on the load frame used to calculate the load, chord shortening and chord
shortening correction factor data. The output produced is the load and chord shortening data

along with the true horizontal and vertical deflections.

CURVE

CURVE is a least squares algorithm which obtains the “best fit" for the strain gage and
displacement data. The input consists of measured strains, the gage locations, measured
displacement, distance to buckling point from end B, and the distances to the horizontal and
vertical string pot locations. OQutput produced is the effective length, information on deieted
gages, eccentricities, and the error of fit. This is explained further in Appendix C,

CHANGE
CHANGE arranges the output of CURVE into files for plotting. Input consists of load and

chord shortening data. Also, the input consists of effective length, information on deleted gages,

B-1




eccentricities, and the error of fit for each data step. The output consists of effective length,

eccentricities, load, and total displacement data at each data step.

ECC
ECC computes end eccentricities from the end moments calculated by the CURVE algorithm.
A further explanation of this is presented in Appendix D. Input consists of the load and

effective length data. The output consists of a file that lists the eccentricities in tabular form for

plotting purposes.




PROGRAM SGL

PURPOSE: THIS PROGRAM CONVERTS THE CIRCUMFERENTIAL MEASUREMENTS OF GAUGE
LOCATION RELATIVE TO THE CHALK LINE TO CARTESIAN COORDINATES.
CIRCUMFERENTIAL MEASUREMENTS ARE POSITIVE TO THE RIGHT OF THE
CHALK LINE AND NEGATIVE TO THE LEFT OF IT. INPUT IS FROM THE
FILE SGLOC.INP, AND OUTPUT IS TO THE FILE SGLOC.OQUT.

VARIABLE LIBRARY

ARCL = CIRCUMFERENTIAL ARCLENGTH AS MEASURED FROM THE CHALK LINE.
RIGHT IS POSITIVE; LEFT IS NEGATIVE.

I = A LOOP COUNTER

JUNK(I) = THE Z COORDINATE OF RING I

R = THE RADIUS OF THE PIPE

SPECNO = THE SPECIMEN NUMBER

THETA = THE ANGLE OF ROTATION MEASURED IN RADIANS AS POSITIVE
CLOCKWISE FROM THE CHALK LINE

X = THE X-COORDINATE OF THE GAUGE LOCATION
Y = THE Y-COORDINATE OF THE GAUGE LOCATION
Z = THE DISTANCE FROM END B TO THE GAUGE L

TYPE DECLARATIONS
IMPLICIT NONE
INTEGER SPECNO, I
DOUBLE PRECISION R, ARCL, THETA, X{30),

OO OIOOCICIMIMIOICIOICIMOII O

1 Y(30), 2(30),L, JUNK(5)
c
C OPEN FILES
c
OPEN(UNIT=10,FILE="SGLOC. INP’,STATUS="0LD")
OPEN(UNIT=20,FILE="SGLOC.OUT’ , STATUS="NEW’ )
C
C READ DATA
c
READ (10,*) SPECNO,R,L
DO 10 I = 1,30
READ (10,*) ARCL
THETA = ARCL/R
X(I) = R*SIN(THETA)
Y(I) = R*COS(THETA)
10 CONTINUE
DO 20 I = 1,5

READ (10,*) JUNK(I)
20 CONTINUE

PUT IN Z LOCATIONS

I Y

DO 30 1
Z(1)

30 CONTINUE
DO 40 I
Z(1)

1,6
JONK(1)

oH

7,12
JUNK (2}

LT



40 CONTINUE

DO 50 I = 13,18& 2(1) =
50 CONTINUE
DO 60 I = 19,24
Z(1) = JUNK(4)
60 CONTINUE
DO 70 I = 25,30
Z(1) = JUNK(5)

70 CONTINUE
c
€  PRINT DATA TO OUTPUT FILE
C
DO 80 I = 1,30
WRITE (20,100) X(I),Y(I),Z(I)
80 CONTINUE
WRITE (20,110) L
100 FORMAT(’ /,F8.4,3X,F8.4,3X,F8.4)
110 FORMAT(’ ’,F8.4)
c
C CLOSE FILES AND LEAVE
C
CLOSE (UNIT=10)
CLOSE(UNIT=20)
END

JUNK(3)
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APPENDIX C
DERIVATION OF FORMULATION OF THE
LEAST SQUARES ERROR ANALYSIS FOR CURVE

At any location on the test specimen, the strain may be expressed as a function of the

specimen curvatures and the coordinates of the location. This relationship may be written as:

e = ~yk(2) - xk(z) + C C-1

total strain at a point in the specimen

H

where: £

x,y,z = coordinates of point

i

k, = curvature about the specimen x-axis = iz-x

dzz
P o= . : d*x
y = curvature about the specimen y-axis = -;z«;

€ = strain due to axial load, constant for a given axial load, P.

The curvature for a buckled member can be written as:

kxmAcos[Li(z—ﬁ)}+Bsin

L3 ( L ) J C-2)
2 L {2

[

where: AB = constants

L = length of specimen

L, = distance between inflection points (locations of zero moment).
The "effective length” of a buckled member can then be computed as the distance between
inflection points divided by the length of the column or (LJL). The y-axis curvature was related

to the x-axis curvature using the relationship:

k() = rk(2)

where: r o= Ax2) C-3)
Ay(2)
and Ax(2) = measured x displacement at or near midspan

C-1



Ay(2) = measured y displacement at or near midspan,

The constants 4, B, C, and L, were determined to provide the least-square error to the 30

measured strains (g,).

Substituting Eq. C-3 into Eq. C-1 results in:

e = ~(y + Mk + C. C-4)
Eq. C-2 can also be written as:
k, = A cosy + B siny C-5)
L
h = L -2,
where ¥ Le(z 2)

Substituting Eq. C-5 into Eq. C-4 results in an expression for computing the total strain:

e = ~(y + rx)(A cosy + B siny) + C. C-6)
Subtracting the calculated strain, e, from the measured strain, g, at each gage location results

in the fit error, EFIT, or:
EFIT = ¢, - e. C-N
The total error of the data fit was computed by summing the square of the errors of all

individual measurements:

£ = Y [EFITGP C-8)
i=l,n
where: n = number of measured strains.

Eq. C-8 is an expression of the error, £, which was minimized to obtain the best fit to the
measured strains. Typically n = 30; however, strain readings from gages in a yielded region,
i.e., gages with e, | > 3000, and readings which were statistical outliers were excluded from
the data fit. To determine the statistical outliers, the strain error for each gage with ¢, < 3000

was computed at each data step. The average and the standard deviation of these strain errors

were also calculated at each data step. Any gage with a strain error greater than two standard

C-2



deviations from the average strain error was considered a statistical outlier and was eliminated

from the data for that load step.

The constants 4, B, C, and L, were determined to calculate the strain at a given location at each

load step. To obtain the best fit for the measured strains, L, was varied from 0.32L to 2.00L.

This corresponds to an effective length between 0.32 and 2.00 which were believed to be

acceptable lower and upper bound values for the end conditions in this study. For each value
of L,, the constants A, B, and C were computed that resulted in the least-square error. This
error was then compared to the error for the other values of L. The L, that resulted in the
minimum least-square error was determined to be the effective length of the specimen for that

load step. Values for L, were determined at all data steps.

In order to obtain the least-square error, the partial derivative of the error, & , was taken with

respect to the constants 4, B, and C and set equal to zero. This results in three equations:

KL 7 ¢ R ) N
aA aA

%=22EFIT*(y+rx)cos¢r=0 C-9)

% sy Err s 08 g
3B

oB

«% =2 S EFIT * (y + r)siny = 0 C-10)

X _ax Emr s« 98 L
ac ac

[H

2 X EFIT * (-1) = 0 C-11}

C-3



which can be solved simultaneously to obtain A, B, and C.

Substituting Eq. C-6 into Eq. C-7 results in an expression for EFIT:

EFIT = g, + (y + m)(A4 cosy + B siny) - C. C-12)
Substituting Eq. C-12 into Eq. C-9 gives:
myA + muB + m,C = a C-13)
where: my = Xy, + rx)* cos’y,

- 2 G
my, = X (y, + rx)? siny, cosy,
mya = - L (y; + rx) cosy,

a = -Le, O +rx) cosy,.

Similarly, substituting Eq. C-12 into Eq. C-10 gives:

my A + my,B + m,,C = a, C-19)
where: my,, = m,
my = X (y, + m)? sin’y,
my = - X (y; + rx) siny,
a, = ~ X% e, O + rx) sing,.

Finally, substituting Eq. C-12 into Eq. C-11 gives:

myA + myuB + my,C = a, C-15)
where: my = my
My = My,
m33 = A
a, = % ,, -

C-4




Writing Eqs. C-13, C-14, and C-15 in matrix form:

My My Mys | {4 a;
My My My (\B ) = 14 C-16)
lyy My My, ¢ a,

Applying Cramer’s Rule to Eq. C-16, the unknown constants are obtained by:

2 2 2
det = m m,,m,, + 2mmymy, - mygm,, - MMy = My,

1 2
A= mdet[a;ngmgg T Myt Gy, G gy < Gy~ Aitg,m,]
B-:wl—»[amm A M A ML~ G, m2~amm]
det 17%137" 21 27711733 371213 17771277033 a2 13 f o B |

1 2
C = ‘&“‘t'{a1m12m23 T Mgy Y Gy Ty, @iy, < @iy - agmg,].

If the strain gages are evenly spaced around the circumference of the specimen and if all gages

are included, then m;, = m,; = 0 sothat C = a,/n. The curvature about the x and y axis was

calculated vsing Eq. C-5 and C-3.

The expression for curvature was integrated twice to determine the deflection of the specimen
due to bending. Integrating Eq. C-2 twice and applying the boundary conditions, f(0) = 0 and
1) = 0, results in:

-1 n (L x ()2 ¢ C-1
Z) = k(z) - A cos|— |=|| + B sin|— [ =} [-L—u -17)
A2) 2 (2) [Le (2)} L, (2) L
2
where: Rz) =y deflection at location z from origin of coordinate system.




It was observed during the full-scale testing that a hinge often forms at some location along the
specimen. Thus, a rigid body component was included in the total deflection expression. The

total deflection at any location on the specimen was then calculated as:
Ax(z) = D) + P gD

and C-18)
Ay(@) = fz) + B g

where: P, and P, = constants equal to the rigid body deflections at the point of hinging in

x and y directions, respectively

g(z) = function relating the hinging location and any location on the specimen
z Jor z < z,
%
gz = ; '
L-2 s z,
L - Zb

2, = location of hinge.
The rigid body deflection constants, p, and By, were determined to produce calculated

displacements with a least-square error to the measured displacements. This was done by

computing an error term for the calculated displacements, setting the derivatives of the error

term with respect to B, and B, to zero, and solving the resulting equations.

Taking 2; to be the location of a measured displacement, then:

= £

g = &) C-19)
If the measured displacements at z; are denoted by ij and &yj, the error term for the

displacement in the x direction, EDISP, becomes:



EDISP =1f, + B g, - Ax, C-20)
The total error for the x-displacements, {, was calculated as the sum of the squares of the

individual EDISP errors, so that:

(=) @f «Bg - ax) C-21)
i=lm
where: m = number of locations where x displacement was measured

= 3,
Taking the partial derivative of Eq. C-21 with respect to B.:
9¢

3 =2 X f, + Bg - Ax) g C-22)
To minimize the x displacement error, set Eq. C-22 equal to zero and solve for B, so that:
2 (Ax, - of,
p, - 285" c-23)
X gj2

Similarly, the error was minimized for the y displacements by taking the partial derivative of

{ with respect to By and setting it equal to zero, where:

(=3 0+ B - Ayt C-29)
j=Lm
The resulting equation is:
YAy, -pHe
B, = ! f) L, C-25)
X g

A FORTRAN computer code, CURVE, was written to perform the analysis described in this
appendix and is listed on the following pages. In addition to determining the effective length
of the specimen, the x and y eccentricities of the applied load was also computed. This was
accomplished by computing the x and y displacements at the two inflection locations. Since the

moment must be zero at an inflection location, the line of action of the load must pass through

C-7



the centroid of the cross section at that location. Therefore, the x and y displacements at the

inflection locations must be equal to the x and y eccentricities of the applied load.

C-8
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APPENDIX D
ECCENTRICITY AS COMPUTED FROM APPLIED LOADS
AND END MOMENTS

In the experimental program, the line of action of the applied compressive load was located as
near to the centroid of the cross section as possible. Since the ends of the specimens were not
attached to the load frame, it was possible for the ends to rotate if the specimen failed in an
overall buckling mode. If the ends rotated, the compressive load was no longer applied through
the centroid of the cross section, but rather, was applied eccentrically. The eccentricity of
loading was determined by computing the displacements at the inflection points of the buckled
specimen as described in Appendix C. In addition, the load eccentricity may also be calculated
using the end moments as computed from the curvature of the buckled specimen. This appendix

contains 2 detailed description of this method for computing the load eccentricity.

An eccentric compressive load induces an applied bending moment at the ends of the specimen,
This applied bending moment is:

M = Pe D-1)
where: P = applied compressive load

e = eccentricity of applied load.

From fundamental mechanics, the bending moment can be expressed in terms of the curvature
at any location along a member by:

M, = kEI D-2)
where: M, = bending moment with respect to the i axis

k, = specimen curvature with respect to the i axis

—

x
fl

modulus of elasticity (29,500 ksi)

s
i

= moment of inertia with respect to the i axis.

D-1



APPENDIX C
DERIVATION OF FORMULATION OF THE
LEAST SQUARES ERROR ANALYSIS FOR CURVE

At any location on the test specimen, the strain may be expressed as a function of the

specimen curvatures and the coordinates of the location. This relationship may be written as:

e = ~yk(@) - xkf2) + C C-D

where: ¢ = total strain at a point in the specimen

x,y,z = coordinates of point

k, = curvature about the specimen x-axis = &y
dzz

. . d*

k, = curvature about the specimen y-axis = ==
Y dz?

C = strain due to axial load, constant for a given axial load, P.

The curvature for a buckled member can be written as:

kx=Acm{£(z~£)]+33m[}»(zw£)} C-2)
L2 L |“2

where: A,B = constants

L = length of specimen

L, = distance between inflection points (locations of zero moment).
The "effective length" of a buckled member can then be computed as the distance between
inflection points divided by the length of the column or (L JL). The y-axis curvature was related

to the x-axis curvature using the relationship:

k(2 = rk(2)

where: ro= Ax@) C-3)
Ay(2)
and Ax(2) = measured x displacement at or near midspan

C-1



2,‘.

Ay(2) = measured y displacement at or near midspan.

The constants 4, B, C, and L, were determined to provide the least-square error to the 30

measured strains (g,,).

Substituting Eq. C-3 into Eq. C-1 results in:

e = ~(y + k[ + C C-4
Eq. C-2 can also be written as:
k., = A cosy + B siny C-5)
L
h = Lz - ).
where ¥ Lc(z 2)

Substituting Eq. C-5 into Eq. C-4 results in an expression for computing the total strain:
€ = =y + rx)(A cosy + B siny) + C. C-6)

Subtracting the calculated strain, €, from the measured strain, e, , at each gage location results

in the fit error, EFIT, or:
EFIT = ¢, - . C-7
The total error of the data fit was computed by summing the square of the errors of all

individual measurements:

£ = Y [EFITG C-8)
i=La
where: n = number of measured strains.

Eq. C-8 is an expression of the error, £, which was minimized to obtain the best fit to the
measured strains. Typically n = 30; however, strain readings from gages in a yielded region,
i.e., gages with {e, | > 3000, and readings which were statistical outliers were excluded from
the data fit. To determine the statistical outliers, the strain error for each gage with e, < 3000

was computed at each data step. The average and the standard deviation of these strain errors

were also calculated at each data step. Any gage with a strain error greater than two standard

C-2




deviations from the average strain error was considered a statistical outlier and was eliminated

from the data for that load step.

The constants 4, B, C, and L, were determined to calculate the strain at a given location at each

load step. To obtain the best fit for the measured strains, L, was varied from 0.32L to 2.00L.

This corresponds to an effective length between 0.32 and 2.00 which were believed to be

acceptable lower and upper bound values for the end conditions in this study. For each value

of L,, the constants 4, B, and C were computed that resulted in the least-square error. This

error was then compared to the error for the other values of L. The L, that resulted in the
minimum least-square error was determined to be the effective length of the specimen for that

load step. Values for L, were determined at all data steps.

In order to obtain the least-square error, the partial derivative of the error, £, was taken with

respect to the constants 4, B, and C and set equal to zero. This results in three equations:

iR S > v P ) B
EY

oA
-gzzzEFIT*(y+rx)casqr=0 Cc-9)
%X _2x g« X8 g

aB 3B

% =2 £ EFIT % (y + rsing = 0 C-10)
LI 2 ¢ e

ac ac

% =2 L EFIT « (-1) = 0 C-11)




which can be solved simultaneously to obtain 4, B, and C.

Substituting Eq. C-6 into Eq. C-7 results in an expression for EFIT:

EFIT = g + (y + rx)}(A cosy + B siny) - C. C-12)
Substituting Eq. C-12 into Eq. C-9 gives:
myA + m,B + m,C = a C-13)
where: m, = Xy, + rx)? cos’y,

my, = X (y, + rx)* siny, cosy,
my = - X (y, + rx) cosy,
a, = - % e, O + %) cosy,.

Similarly, substituting Eq. C-12 into Eq. C-10 gives:

myA + muB + m,C = a, C-14)
where: my, = m,
my, = L (y, + rx)* sin’y,
my = - L (; + rx) siny,
a, = - % e, O + rx) siny,.

Finally, substituting Eq. C-12 into Eq. C-11 gives:

myA + muB + m,C = a, C-15)
where: My = m,
My = My
My = n
a, = L €y, -



Writing Egs. C-13, C-14, and C-15 in matrix form:

My My My | (4 a;
My My My |SBy = 14y C-16)
Myy Myy Mgy C a,

Applying Cramer’s Rule to Eq. C-16, the unknown constants are obtained by:

2 2 2
det = m mymy, + 2m,m m,, - Mgy, = MMy, = Myymy,

1 2
4 = “dgt{aimzzmas T QM @My, Gy < GyiT, G, ]

1 2
B = ”‘det{aammmza Ty My b A3y G My < Gy — Ay ]
C - 1 [ . . ~ ~ B 2
" Jet Qs+ QMg + Auity Ty, = @M, = Gy~ damp].

If the strain gages are evenly spaced around the circumference of the specimen and if all gages

are included, then my; = My, =0sothat C = a,frn. The curvature about the x and y axis was

calculated using Eq. C-5 and C-3.

The expression for curvature was integrated twice to determine the deflection of the specimen
due to bending. Integrating Eq. C-2 twice and applying the boundary conditions, f(0) = 0 and
f(L) = 0, results in:

L
2 L.
L, n (L Lim (LY 2 C-17)
Z) = — yk@ -4 cos— | =] + Bsinj— | =] | S
e L {Lc (2” L, 3 L
2
where: Az) = y deflection at location z from origin of coordinate system.




It was observed during the full-scale testing that a hinge often forms at some location along the
specimen. Thus, a rigid body component was included in the total deflection expression. The

total deflection at any location on the specimen was then calculated as:
Ax(z) = rir) + Pg@

and C-18)
AYQD) = D) + Pg@

where: B, and B, = constants equal to the rigid body deflections at the point of hinging in

x and y directions, respectively

g(2) = function relating the hinging location and any location on the specimen
z Jor z < z,
)
8@) = . '
-z
or z > Z
L - zb f b )

z, = location of hinge.
The rigid body deflection constants, B_ and By, were determined to produce calculated

displacements with a least-square error to the measured displacements. This was done by

computing an error term for the calculated displacements, setting the derivatives of the error

term with respect to B_ and By to zero, and solving the resulting equations.

Taking z; to be the location of a measured displacement, then:

= Az

g = 8(z). C-19
If the measured displacements at z; are denoted by Ax; and Ay;, the error term for the

displacement in the x direction, EDISP, becomes:




EDISP = 1f, + B g, - Ax, C-20)
The total error for the x-displacements, {, was calculated as the sum of the squares of the

individual EDISP errors, so that:

(=Y «f +Bg - Ax) C-21)
J=Lm
where: m = number of locations where x displacement was measured

= 3.
Taking the partial derivative of Eq. C-21 with respect to B.:

aaé =2 (f + Bg, - Ax) g, c-22)

To minimize the x displacement error, set Eq. C-22 equal to zero and solve for B, so that:

- x -mg

> . C-23)
8;

X

Similarly, the error was minimized for the y displacements by taking the partial derivative of

{ with respect to B, and setting it equal to zero, where:

(=3 (+Bg - Ayt C-29)

j=lm

The resulting equation is:

- 2 (Ay} "j;) gj

5 C-25)
Yg

P,

A FORTRAN computer code, CURVE, was written to perform the analysis described in this
appendix and is listed on the following pages. In addition to determining the effective length
of the specimen, the x and y eccentricities of the applied load was also computed. This was
accomplished by computing the x and y displacements at the two inflection locations. Since the

moment must be zero at an inflection location, the line of action of the load must pass through

C-7




the centroid of the cross section at that location. Therefore, the x and y displacements at the

inflection locations must be equal to the x and y eccentricities of the applied load.
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APPENDIX D
ECCENTRICITY AS COMPUTED FROM APPLIED LOADS
AND END MOMENTS

In the experimental program, the line of action of the applied compressive load was located as
near to the centroid of the cross section as possible. Since the ends of the specimens were not
attached to the load frame, it was possible for the ends to rotate if the specimen failed in an
overall buckling mode. If the ends rotated, the compressive load was no longer applied through
the centroid of the cross section, but rather, was applied eccentrically. The eccentricity of
loading was determined by computing the displacements at the inflection points of the buckled
specimen as described in Appendix C. In addition, the load eccentricity may also be calculated
using the end moments as computed from the curvature of the buckled specimen. This appendix

contains a detailed description of this method for computing the load eccentricity.

An eccentric compressive load induces an applied bending moment at the ends of the specimen,
This applied bending moment is:

M = Pe D-1)
where: P = applied compressive load

e = eccentricity of applied load.

From fundamental mechanics, the bending moment can be expressed in terms of the curvature
at any location along a member by:

M, = EELI D-2)
where: M, = bending moment with respect to the i axis

k, = specimen curvature with respect to the i axis

ey
i

modulus of elasticity (29,500 ksi)

M
|

= moment of inertia with respect to the i axis.
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Substituting Eq. D-2 into Eq. D-1 results in:
Pe; = kEL. D-3)

Solving Eq. D-3 for eccentricity results in:

D-4)

m“
i
=
L

where: j axis is perpendicular to the i axis.

The modulus of elasticity and moment of inertia were assumed constant along the length of each
specimen for all load steps. The moment of inertia was computed based on nominal section
properties while the applied compressive load was computed from the measured data at each load
step. The curvature at each end of the specimen was determined by substituting z = 0 and
z = L into Eq. C-3 and C-5 of Appendix C. Using Eq. D-4, the eccentricity in the x and y

directions at each end of the specimen was then computed for each load step.

The computer program ECC was written and utilized to perform these calculations. A listing

of this program can be found in Appendix B.
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