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ABSTRACT
Pultruded composite structural members with open or closed thin-walled
sections are being extensively used as columns for structural applications
l1Jhere buckling is the main consideration in the design. In this paper, global
buckling is investigated and critical loads are experimentally determined
for various fiber reinforced composite I-beams of long column length.
Southwell's method is used to determine the critical buckling load about
strong and weak axes. The experimentally determined buckling load is
compared with theoretical predictions. A number of observations about
testing methodology and data reduction techniques are presented.

1 INTRODUCTION
Pultruded composite beams and columns are being extensively used for
civil engineering structural applications 1 and aerospace applications. 2
Composite materials have many advantages over conventional materials
(steel,. concrete, wood, aluminium, etc.), such as light weight and high
corrosion resistance. Mass production of composite structural members
(e.g. by pultrusion) makes composite materials cost competitive with
conventional ones.
In the pultrusion process, fibers impregnated with a polymer re.sin are
pulled through a heated die that provides the shape of the cross-section of
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the final product. Pultrusion is a continuous process for manufacturing
prismatic sections of virtually any shape. 3 Other maSs production techniques like automatic tape layout can also be used to produce prismatic
sections.
'Pultruded structural members have open or closed thin-walled crosssections. For long composite columns, 'overall (Euler) buckling is more
likely to occur before any other instability failure. For short columns,
local buckling occurs first leading either to large deflections (crippling).
Because of the large elongation to failure allowed by both the fibers and
.the resin, the composite material remains linearly elastic for large deflections and strains unlike conventional materials that yield (steel) or crack
(concrete) for. moderate strains. Therefore, buckling is the governing failure for this type of cross-section and the critical buckling load is directly
related to the load carrying capacity of the member.
The classical Euler theory4 used for the buckling of slender columns of
isotropic materials reduces the instability conditions to a matter of
geometry. A similar analysis for pultruded composite columns is developed in this investigation. The analysis accounts for the varying material
properties and is based on the .bending stiffness of the composite column.
The analysis follows Tsai 5 and Vinson & Sierakowski 6 but it is complemented by the appropriate plane stress assumption through the width of
the beam. 7 The material properties of a pultruded column can be accurately predicted from the descriptjon of the cross-section used in the
manufacturing process. 8
Euler's theory.assumes an initially straight column with no eccentricity
or imperfections such as initial crookedness. Agreement between the
critical load obtained in laboratory experiments and the critical load
determined by Euler's analysis is a somewhat fortuitous occurrence and is
expected only in the case of perfe~t columns. Southwel1 9 , 10 accounted for
this .inconsistency by using a data reduction technique on the hyperbolic
experimental data. In Southwell's method, the critical load is determined
by using the asymptote of the experimental measurements. The method is
attractive because it does not require that the critical load be reached, it is
non-destructive, and it properly accounts for imperfections in the column
or the testing fixture. Southwell's method was extended to account for
extreme eccentricities] 1 and transverse lateralloads. 12 The method is ideal
for composite materials that remain linear for large values of strains. Since
significant imperfections exist in pultruded composite columns because of
the nature of the manufacturing process, experimental results can be
expected. to behave in a manner similar to Southwell's tests.
When a sufficiently short or. stubby column is axially compressed.
Euler's formulation does not apply since materi,!-I failure will be encoun-
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tered' before any instability failure. In a short, open and thin-walled
column, failure is expected due to a local flange buckling. The local
buckling critical load can be determined using a plate analysis proposed
by Barbero & Raftoyiannis 13 for pultruded composite columns. The local
buckling load is used in this paper to limit the long-column region.
However, the experimental data suggest the existence of an intermediatecolumn region which will be the subject of future investigations.
The bending stiffness used to predict the Euler load can be predicted by
the analysis presented here and verified by bending tests 14, 15. However,
the loading conditions of a bending test subject the material to a state of
stress and deformation that is entirely different from the column loading.
Compression failure. of the material and flange local buckling are some of
the phenomena that may influence a column buckling test, even if they are
. present only to a small degree.' Furthermore, most composite materials
exhibit a slightly different modulus in compression. than in tension, which
makes the bending test inadequate to obtain column buckling loads.
Therefore, the~e is a n.eed to experimentally evaluate the column buckling
load of composite structural shapes. To the authors' best knowledge, this
paper reports the first long column (Euler) experimental data for pultruded structural shapes without any local buckling of the flanges. Yuan et
al. 16 report experimental buckling loads on box-columns with protruding
flanges. According 'to Yuan, all colurnnsexhibited local buckling of the
flanges before any global instability occurred, which indicates interaction
of local and global buckling, thus defining the intermediate range. Load
versus deflection curves are.presented by Yuan et ala but no data reduction
and correlation with analytical results are presented.

2 THEORETICAL ANALYSIS
In conventional materials, the Euler buckling problem can be solved easily
when the geometry and modulus of elasticity are known. However, due to
the fiber reinforced columns being composed of several different materials, the Euler buckling problem is more complex. The moment-curvature
relation of a symmetric laminate is,17
(1)

Where M:o My, M xy are the moment resultants~ K x , K y, K xy are the curvatures, and D u are the components of the laminate constitutive equation.
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The extensional behavior of a symmetric laminate is given by a similar
relationship between the inplane stress resultants N x , Ny, N xy and the
middle surface strains 8 x , 8y , 8 xy • For thin-walled sections with some laminae parallel and some perpendicular to the plane of bending, thecoefficierits Aij, Bij and Dij are defined as follows. For parts of the cross-section
(Fig. 1) laminated perpendicularly to the plane of bending

//
(Aij,Bij,Dij) ==
J

2

-

2

Qij(l,~,~ )d~

(2)

-t/2

taking ~ == z and t == h for the flanges (Fig. 1) while bending about the yaxis and taking ~ == z and t == a for the web while bending about the zaxis. For parts of the cross-section laminated parallel to the plane of
bending

(3)
taking ~ == y and t == a for the web while bending about the y-axis and
taking ~ == z and t == h for the flanges while bending about the z-axis. The
units for Au, Bij and Dijare (Njm), (N) and (N.m) respectively. The global
Au and Dij (4-5) for the entire section represent the extensional and
bending stiffnesses of a plate of width w. Therefore, the stiffness of the'
parts laminated parallel to the plane of bending need to be transformed to
an equivalent laminate of width w, where w == b while bending about the strong axis· or w == d while bending about the weak axis. In this way, the
parts laminated parallel to the plane of bending are spread to the width of
the parts laminated perpendicular to the plane of bending by introducing
z
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Fig. I. I-beam dimensions and coordinate system.
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a width correction factor t/w, where t == a while bending about the strong
axis or t == h while bending about the weak axis.
Applying the parallel axis theorem 18 with respect to the middle surface
of the cross-section, a constitutive matrix for the whole cross-section can
be determined. For a symmetric I-beam of width b and depth d + 2h, the
total stiffness components for the strong axis are'
A 1'"/' -- -ba AwU.•
D z;;
'J

+ 2AflJ..

(4)

_a
(e)
-D
b .. + 2v:. + -2 A··

-

j"
y

T'tt.f
U

W

lJ

where e == d + h, and for the weak axis
h f
_ 2 -A
d 1J..

AI;; 'J

+ A Uw..

(5)

h
D 1.·/· -_ 2 -d D f1J.. + D Uw..

The transformed reduced stiffnesses Qij are obtained using Classical
Lamination Theory l? that assumes plane stress through the thickness of
the flanges or web (Fig. 1). However, a plane stress assumption must also
be used through the width of the beam,? i.e.
Ny == N xy

== My == M xy == 0

(6)

Enforcing (6) on the constitutive equation (1),

(7)
D

== [D 11 + 2D16D26D12 - D66Di~ - D22Di6] w
D ·D - D
22

66

(8)

26

where the width w is introduced in order to obtain a beam bending stiffness with the same units of El. Chen & Yang l9 presented a similar
expression but limited to rectangular cross-sections. The material properties (£1, £2, G12 , D 12 ) for each layer can be calculated from the description
of the cross-section used for manufacturing (Fig. 2) using the procedure
introduced by Barbero. 8 Introducing (1) into the buckling equation.
p

M x = Nxw;

N,

=b

(9)

we obtain the buckling equation in terms of the transverse deflection (J)
d 2 (J)
D
dx-2 +

bN,~(J)
.~

== 0

(10)
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Hence, the buckling load for a pinned-pinned composite column is
N xer

n2D
= L 2b or Per

-

n2 D
L2

(11 )

where D is computed by (8) using the properties for each beam listed in
Table 1. Computation of the bending coefficients in (8) is based on the
micromechanical data for each wide flange I-beam section being tested. A
complete description of the stacking sequence (Fig. 2) and rnicroTABLE 1
Bending Stiffness about the Strong and Weak Axis for Each 1Beam Section

Fig. 2. Manufacturer's schematic of 152 mm x 152 mm x 9·5 mm (6 in x 6 in x ~ in)
cross-section.
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mechanical computations for all layers in all sections being tested are
presented by Tomblin. 20 . Using (11), t~e Euler failure envelopes can be
determined for each I-beam section. Euler buckling envelopes about the
strong and weak axis for each of the I-beam sections supplied by Creative
Pultrusions, Inc. are shown in Fig. 3-5.

3 TORSIONAL BUCKLING
One p'roperty of thin-walled members is that they may twist as they buckle
due to an axially compressive load. This phenomenon is known as axial
torsional buckling. Due to the I-beam's relatively thin flanges and webs,
the possibility of torsional buckling exists. An approximate analysis is
.presented next, comparing the critical load obtained from torsional and
bending buckling.
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Fig. 3. Comparison between experimental buckling loads and theoretical curves for the
l02mm x l02mm x 6·4mm (4in x 4in x ~ in) I-beam.
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Figo 40 Comparison between experimental buckling loads and theoretical curves for the
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Fig. 5. Comparison between experimental buckling loads and theoretical curves for the
152mm x 152mm x 9·5mm (6in x 6in x in) I-beam.
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The governing equation for axial torsional buckling is4
4

2

d e + Prp - GJ d e = 0
dx4
Elw
dx 4

(12)

Considering the limiting boundary conditions as either fixed 'or simple
torsional supports, and taking the lowest critic~lload (n == 1), (12) leads to .

(13)

(14)

for simple and fixed torsional supports, respectively.
Equations (13) and (14) represent the torsional critical load due t.o axial
compression for a conventional isotropic material. Without additional
experimental tests to determine additional material properties and added
complex;ity into the governing differential equation, such a simple analysis
can only serve as an approximation when dealing with pultruded composite I-beams.
Since twisting of the I-beam during the testing' procedure is a concern,
an approximation was made using the above analysis to determine a ratio
between the torsional critical load and the b.ending critical load for each of
the I-beam sections to be tested. The geometrical values of r~, J and I w
were calculated using standard formulas. 19 The modulus of elasticity to be
used is the apparent modulus of elasticity for a composite beam calculated
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from the bending stiffne~s D (eqn (8)) by the relation E == D / I. By fixing
the above material and geometrical properties, the only variable not
accounted for is the shear modulus G. Since an accurate approximation
for G is difficult to obtain for composite columns, a parametric study is
presented with the ratio of EjG between 4 and 25. Figure 6 shows the ratio
of the torsional critical load PerO to the' bending critical load about the
weak axis Perz (eqn (11)) versus the column length L for a
102mm x I02mm x 6·4mm (4 x 4 x Ij4in) I-beam for varying values
of the ratio E/G. As L - 7 0, the effect of the termGJ (Saint Venant's
torsion) on the critical load becomes negligible compared to the effect of
the warping torsional stiffness. Thus, the ratio of the torsional critical load
to the bending critica~ load can be approximated, for L - 7 0, as
Perf}

h

2

(15)

P erz ~ 4r~

(16)
for simple ,and fixed torsional supports respectively. Hence, as seen in Fig.
6, the effect of the column length increases the ratio of the critical loads in
both the fixed and simple torsional support case. Therefore, for small
lengths of doubly symmetric I-beams, the ratio of the critical loads may be
approximated by (15) and (I~). If P ero / P ery > 1, no twisting will occur due
to the higher torsional critical load. If Pero / P ery < 1, twisting will occur
due to the lower torsional critical load. Taking the most extreme case
when L - 7 0 and simple (torsional) supports, the computed ratio of the
critical loads is found to be larger than 1·1 for all sections tested, which
20 , - - - - - - - - - - - - - - , . . . ,
-
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indicates that the torsional buckling load is larger than the Euler buckling
load, about the weak :axis. Hen~e, no twisting is expected during testing
even for simple (torsional) supports.
In the testing -frame used in this investigation for the long column tests,
the torsional supports are fixed due to the fact that the specimens are
placed 102 mm (4 in) inside a steel shoe in which no twisting can occur.
Also, the column lengths that were tested had a length greater than
J·22mm (4ft). As shown, this will increase the ratio, of the critical loads
and decrease the possibility of twisting. Therefore, when testing the weak
'axis of the specimens, a factor of approximately 4·4 existed between the
torsional critical load and the bending critical load. Hence, the possibility
of any twisting occurring in the columns during testing is minimal.
4 EXPERIMENTAL SETUP AND TESTING PROCEDURE
Southwell's method 9 was used in this investigation to determine the critical load from the experimental data. The method works well when there is
no mode interaction and the imperfections have a strong component of
the form of the buckling mode. Load versus lateral deflection is recorded,
and if the buckling mode is isolated, the data show a -hyperbolic shape.
The raw data are transformed in order to obtain 'the asymptote of the
hyperbola from a linear regression of the transformed data. All measurements were taken from a central point with respect to the column length.
However, as shown by Tomblin,2o a,ny point along the length can be used
to measure the deflections. Enough ,data points must be collected in the
linear range of the material to obtain good regression, thus limiting the
applicability of the method for the case of almost perfect metal columns. I I
The Euler, or long column tests, were performed using a testing
machine specifically developed for this investigation (Fig. 7). The testing

adjustable
cross-head
30 cm (12 in) steps

load cell
movable
cross-head

Figo 70 Testing frame.
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frame can accommodate up to 30·Scm x 30·j·cm (12in x 12in) crosssections with·column lengths ranging from I·22m to 6·10m (4ft-20ft). A
Materials Testing System (MTS) hydraulic actuator was used to apply a
compressive load onto the composite specimens. All specimens were
manufactured with pultruded columns supplied by Creative Pultrusions,
Inc. Long column tests were performed on the following I-beams:
I02mm x l02mm x 6·4mm,
lS2mm x 102mm x 9·Smm
(4in x
4in x ~in, 6in x 6inx ~in, and 6in 6in x ~in) (depth, width, and
thickness).
The testing frame is fitted with three steel cross-heads (one fixed, one
moveable and one adjustable) mounted onto two 30 ft long channels (Fig.
7). A shoe (or grip) is mounted on each of the two interior cross-heads by
a pin and needle bearing fixture (Fig. 8) which supplies a pinned-pinned
end condition to the column specimen. Buckling is restricted to the plane
of bending defined by the pinned shoes.
A SO·8cm (20in) Linear Variable Differential Transducer (LVDT) was
mounted on the center of the specimen (Fig. 9) in order to obtain a center
deflection of the column. A load cell was used between the actuator and
the moveable cross-head to record the applied compressive load. A second
LVDT was mounted on the actuator to measure and c.ontrol the axial

x

Fig. 8. Shoe with pin: needle-bearings to produce a pinned end condition at the column
ends.
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Fig. 9. Teflon coated lateral supports used during the strong axis test. The weak axis test is
shown.

displacements. All tests are performed under 'displacement control' with
the axial displacement being controlled by the close-loop servo-control
system. Various limits for loads and displacements were programmed into
the control system to provide a safe operation.
The testing procedure consisted of loading the column using displacement control to regulate the MTS actuator. After some initial testing, it
was decided that in order to obtain reasonably good results, a center
deflection of L/IOO (where L is the column length) should be approached.
This is necessary to have a sufficiently large number of points in the
Southwell plot while keeping the material in the linear range. As the test
was performed, LVDT and load cell reading data were recorded using a
METRABYTE Data Acquisition board in an IBM compatible PC
running LABTECH Notebook 2o data acquisition software.
At least two tests were .done on each column length selected. The beam
was flipped over (180°) to obtain two independent data sets about the
same bending axis in an attempt to cancel out any fixture misalignment.
No significant differences were apparent. Teflon coated lateral supports
(Fig. 9) were also required to restrain the column from buckling in the
fixed-fixed mode (about the weak axis) when testing the strong axis of the
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specimen. All specimens were loaded and measurements tak~n until the
factor L/ 100 was approached. At this point, the test was stopped and the
column was returned to the initial position.

5 EXPERIMENTAL RESULTS
Long columns tests were conducted with the I-beams listed in Section 4.
At least two tests were done on each length. The tests on each length were
conducted about the weak axis while flipping the column to obtain two
independent tests. Strong axis tests were also conducted on various lengths
depending on the expected critical load. The lengths that were tested
corresponded to lengths well within the long column range with no possibility of branching into or interacting with the short column modes. The
lengths were selected using the theoretical predictions. 13 Figure I shows a
typical cross-section of the I-beam with a reference coordinate system,
with the x-axis running al9ng the column length.
During the test, a data acquisition system collected load (P) and central
deflection (~) data. The hyperbolic ~-p results were then linearized on a
~-y plot, where y == ~/ P. A linear regression was done, and the resulting
slope was used to obtain the buckling load (Figs lOA and lOB).
5.1 Weak axis results
Southwell tests on the weak axis with bending about the z-axis (Fig. 1)
were performed on the pultruded I-beam sections listed in Section 4. At
least two lengths in the long column range were tested for each section.
The' exact lengths depended somewhat on the available. material and
theoretically predicted buckling load. After the first test, the beam was
rotated 180 about the x-axis (Fig. 1) and a second test was performed
about the wea.k axis. On several occasions, more than two tests were done
on each length taking advantage of the nondestructive nature of the test.
'Figures IDA and lOB show the data acquired during the test (~-P plot)
and the regressed straight line corresponding to a 102 mm x
I02mm x 6·4mm, (4in x 4in x ~in) I-beam. Table 2 shows the length,
theoretical buckling load, experimental buckling load (inverse of slope)
and the percentage difference between the theoretical and experimental
loads for each section tested. The percentage error is within 6% for all
sections tested and all loads were below the theoretical prediction.- From
the results, one can conclude that the theoretical load can be viewed as the
upper bound for the actual buckling load. Since the theoretical prediction
assumes perfect manufactllring a'nd layup conditions (no voids., imperfec0
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Fig. lOA. Experimental Southwell plot for the I02mm x I02mm x 6·4mm
(4in x 4in x ~ in) I-beam (length == 4·48m) buckling about the weak axis, without load
. eccentricity.
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TABLE 2
Experimental Euler Buckling Loads about Weak Axis

(mm
102
102
102
102
102
152
152
152
152
152
152
152
152
152
152
152

Section
mm X mm)

Length
(m)

PCthC'ory

PerC',,"!,

(kN)

(kN)

102 X 6·4
102 X 6·4
102 X 6·4
102 X 6·4
102 X 6·4
152 X 6·4
152 X 6·4
152 X 6-4
152 X 6-4
152 X 6·4
152 X 9·5
152 X 9·5
152 X 9·5
152 X 9-5
152 x'9-5
152 X 9-5

4·48
4·48
2·98
2·98
2·98
6·03
6·03
6·03
3·58
3-58
6·03
6·03
6·03
6-03
3·89
3-89

12·46
12·46
28·11
28·11
28·11
23·66
23-66
23-66
67·11
67·11
34-11
34-11
34·11
34-11
82-22
82·22

12·04
12·08
27·33
27·84
26·46
22·93
22·77
23·62
65-35
62·96
33·95
33-70
33·00
32-89
78-19
79·42

X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

% D(ff
3·39
3·03
2·80
0·98
5·87
3·06
3-70
0·15
2-62
6·]8
0·48
1-23
3-27
3-59
6-00
4-16

tions, etc.), this is a reasona·ble resuJt because of the unavoidable imperfections in the manufacturing process.
The linear regression plot of Fig. lOB for the 102 mm x 102 mm ·x
6·4mm, (4in x 4in x ~in) section shows the true data with no points
neglected. For the regression line, the nonlinear portion in the small
deflection range was neglected. As explained in Section 6, this nonlinear
portion should be expected in any Southwell test in which a considerable
center deflection ot imperfection exists.
5.2 Strong axis results
S(;uthwell tests on the strong axis, with bending about the y-axis '(Fig. 1),
were performed o.n the pultruded I-beam sections. At least two tests were
performed on each selected length. After the first test, a second test was
performed on each length with 180 rotation of the beam used to obtain
two independent results.
Due to the limitation of the MTS actuator to 55 000 lb, the strong axis
buckling load of several sections could not be approached. In this case the
load was applied with an eccentricity at the column ends. This eccentricity
produced a bending moment in addition to the axial load in order to lower
the required load needed to produce a center deflection of L/IOO_ It
0
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should be noted that in the case of some lengths tested, the expected
theoretical load for the strong axis could not be approached due to
limitations of the MTS hydraulic actuator and testing frame even with
eccentricity. In these cases, strong axis critical loads were not obtained.
5.2.1 Without eccentricity

Figure 11 shows the linear regression of the data acquired during the
strong axis testing of a 102 mm x 102 mm x 6·4 mm, (4 in x 4 in x ~ in)
"loaded without eccentricity. Table 3 shows the length, th~oretical buckling
load, experimental buckling load (inverse of slope) and the percentage
difference between the theoretical and experimental loads for each section

9[-05
Section : 102 x 102 x 6.4
Length : 4.48 m
",-.....

7[-05

Axis : strong

Z

"-

E
()

...............

5[-05
a..

"<]

3[-05
alP = 2.4825e-S·(a) + 1.24S6,¢"-S

1[-05

0

2
~

3

( en1)

Fig. 11. Linearized Southwell plot for the 102mm x 102mm x 6·4mm (4 in x 4in x ~ in)
I-beam (length = 4·48 m) buckling about the strong axis, without ..load eccentricity.
TABLE 3
Experimental Euler Buckling Loads about the Strong Axis without Eccentricity

Section
(mm x mm x mm)

Length
(m)

PC,!I(!tln

Pc:re,xp

(kNj

(kN)

102 x 102 x 6-4
102 0 102 x 6·4

4·48
4-48

42-28
42-28

39·87
40·28

%Diff
5·71
4·73
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tested. The percentage error is less than 6% for all sections tested and all
loads were below the theoretically predicted value.
5.2.2 With eccentricity
Figure 12 shows the linear regression of the data acquired during the
strong axis testing of a 152 mm x 152 mm x 9·5 mm, (6 in x 6 in x ~ in)
with load eccentricity. Table 4 shows the length, theoretical buckling l<?ad,
experimental buckling load (inverse of slope) and the percentage difference between the theoretical and experimental loads for each section
tested. As seen from Table 4, the percentage error is less than 40/0 for the
sections tested and all loads were below the theoretically predicted value.
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Fig.. 12. Linearized Southwell plot for the 152mm x 1~2mm x 9·5mm (6in x 6in x
I-beam (length = 6·03 m) buckling about the strong axis, with load eccentricity.
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TABLE 4
Experimental Euler Buckling Loads about the Strong Axis with Eccentricity

Section
(mm x mm x mm)

Length
(m)

P Ctllt.","\"
(kNj

P Crc_,]'
(kN)

152 x 152 x 9·5
152 x 152 x 9-5
152 x 152 x 9-5

6·03
6-03
6-03

11·56
11·56
11·56

11·10
11-16
11-·09

%

D(n:

3·97
3·51
4-10
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The .intercept with the ~-axis is large due to the 1in eccentricity of loading. This resulted in a higher number of data points neglected for the
regression analysis. In Southwell's method, real imperfections and load
eccentricity are both taken into account as an equivalent imperfection.
The linear regression plot of Fig. 12 shows the true data with no points
neglected. As seen from this figure, the true data still emanate from the
origin and have a nonlinear portion in the small deflection range. These
points were not used in the regression (see Section 6).

6 EXPERIMENTAL OBSERVATIONS AND DISCUSSION

The following observations were made during the long column testing:
(I) A move average 21 was required in order to smooth the noise in the
data signals.
(2) Friction between the moveable cross-head and the guide rails, as well
as friction between the pin and needle bearing fixture was very small
in comparison to the applied axial load.
(3) As the load ~pproached Per' the deflection approached or slightly
exceeded the factor L/IOO (L being the column length). If any extra
load was applied, the center deflections grew at a very large rate and
complete column failure was apparent.
(4) If all center deflections were kept at or below L/IOO, it -was evident
that the tests were entirely of a nondestructive nature. Note also that
after each test, the central deflection of the column returned to the
unloaded position.
(6) When testing the strong axis of the specimen, the column clearly
buckled fixed-fix·ed about the weak axis. This problem was solved by
the addition of Teflon coated lateral supports to ~restrain the
specimen along the weak axis (Fig. 6).
(7) Due to upper limits on the amount of compressive load available
from the MTS actuator, a 1 in eccentricity was required to add an
additional moment at the ends of the column for some of the strong
axis tests. This moment lowered the amount of load'required to reach
the center deflection of L/IOO by 50% in most cases and the
Southwell method still produced excellent results.

Figures 3-5 show the experimentally obtained values of the critical load
along with the theoretical values. Also shown in the Figures is the experimental local buckling points reported by Tomblin & Barbero. 22 An
extremely good comparison exists between the theoretical and experimental values (within 6 % ).
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The linearized Ll-y plot has a rather distinct nonlinear portion in the
small deflection region of the graph as seen from Figs lOB and 12. After
this nonlinear portion, the plot becomes linear and the inverse of the slope
determines the critical buckling load. In order to obtain reasonably good
regression, the nonlinear portion must be neglected. The amount of data
points that need to be neglected depend on the amount of imperfection,
initial deflection, and load eccentricity introduced into the. test. If the
imperfections are very small, as in the local buckling tests reported by
Tomblin,20 the linearized slope passes through or close to the origin in all
cases (i.e. the intercept value is extremely small). Therefore, very few or
none of the data taken need to be neglected. In the long column case, a
significant imperfection in the column exists due to load eccentricity or
crookedness (up toL/500 on pultruded columns). This causes the linear-·
.ized line not to pass through tHe origin (i.e. the intercept has a distinct
value different from zero). In this case, a significant number of data points
up to the linear portion need to be neglected for the regression analysis.
The need for neglecting data can be explained through a simple analysis
of Southwell's method. Before the linearization of the data, the measurements have a hyperbolic shape that passes through the origin (for zero
load, zero deflection) as shown in Fig. 13A. In the initial stages of the test,
large increments of load produce hardly any deflection. Therefore, the
ordinate ~/ P in Fig. 13B is very small compared to the abscissa Ll, at the
beginning of the test. When the applied load approaches the critical load,
the rate of change of deflection is much larger than the rate of change of
load P, resulting in a linear ~-y plot (y == Ll/ P). The raw data must pass
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Fig.. 13A. Experimental hyperbolic plot for the 152mm x 152mm x 9·5mm
(6 in x 6 in x ~ in) I-beam (length == 6·03 m) buckling about the weak 'axis, with and
without load eccentricity.
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Fig. 13B. Experimental linearized plot for the 152 mm x 152 mm x 9·5 mm
.- (6 in x 6 in x ~ in) I-beam (length == 6·03 m) buckling about the weak axis, with and
without load eccentricity.

through the origin, but the linearized line (with inverse slope of Per) has an
intercept value different from zero that represents the combined effect of
all imperfections. 9 Hence, a contradiction results. Figures 13A and 13B
show two separate tests on a 152 mm x 152 mm x 9·5 mm, (6 in x
6in x iin) I-beam of length 6·03 m (237·5 in). One test wa~ performed with
eccentricity and one without eccentricity. Both raw data curves emanate
from the origin and both have virtually the same slope (same value of Per)'
But, as seen from the figure, the two tests have extremely different values
of the .intercept. Thus, the number of points neglected will depend on the
amount of imperfection. For the test with eccentricity, more points need
to be neglected than for the test without eccentricity.
When the data shown in Fig. 13A are regressed, bot'h tests yield the
same buckling load but only approximately 50% of the load was required
to obtain the results when eccentricity was used. This is very important
because larger sections can be tested with smaller equipment. Even though
the hyperbolic data of the test with eccentricity are very shallow compared
to the test without eccentricity, both data sets have the same asymptotic
value of the .buckling load Per. It is also worthwhile to mention the
nondestructive nature of the Southwell test performed on composite
beams when a center deflection of L/I00 is not exceeded.

7 CONCLUSIONS
It is apparent from the results that the theoretically predicted (Euler) long
column buckling load is extremely accurate even for very complex mate-
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rials considered in this investigation. The experimental procedure produces highly reproducible and accurate results. All percentage "differences
between the theoretical and experimental are below 6·2%. A number of
observations about testing methodology and data reduction techniques
are presented, which "should prove useful to other researchers in the field
of fiber reinforced composite "materials and structures.
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