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Experimental Investigation of
Beam-Column Behavior of
Pultruded Structural Shapes

EVER J. BARBERO* AND MALEK TURK
Mechanical and Aerospace Engineering
West Virginia University
Morgantown, WV 26506-6106

ABSTRACT: The behavior of pultruded structural shapes under combined axial load
and end moment is investigated experimentally. A combination of standard displace-
ment transducers and full-field shadow moiré is used to record in real time all the defor-
mation modes of the beam-column. A data reduction technique is proposed for interpre-
tation of the full-field deformation data. Observations and quantitative data are
presented regarding buckling initiation and collapse of five types of fiber-reinforced

composite beam-columns.

INTRODUCTION

FIBER REINFORCED plastic (FRP) is a composite material made of polymer

resin reinforced with carbon, glass, or other fibers. Composite structural
shapes, such as I-beams, are produced by pultrusion with geometry and material
properties fixed by the manufacturer. A broad selection of such shapes is available
for civil engineering construction [1-3]. Some advantages of composite materials
are their high strength to weight ratio, resistance to environmental deterioration
and their lack of interference with electromagnetic radiation. FRP columns and
beams are being used in a variety of structures, such as buildings, salt storage
sheds, bridge superstructures, etc. However, widespread application in construc-
tion is being hampered by lack of design information and methods. Structural engi-
neering design does not involve changes in the material or the geometry of the
cross-section but selection of the most appropriate shape from those available.
Thus, the designer relies on information about the structural behavior of the mem-

ber under the expected loads.
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Design equations for columns without bending and beams without axial load are
available in the literature [4-9]. In many applications, columns are subjected to ax-
ial and bending loads simultaneously; in which case the member is called a
beam-column (Figure 1). Bending moments on beam-columns may be caused by
transverse loading acting over the member’s span, from loading in adjacent mem-
bers in frames, or by eccentricity of reactions and applied forces in frames. The
scope of this paper is limited to the case of eccentricity producing bending with re-
spect to the minor axis. Furthermore, no twisting occurs because the structural
shapes considered are symmetric with respect to the major axis [10,11].

Since composite columns are thin-walled, buckling is a major consideration.
Two types of column failure (buckling) are well known: local (flange) and global
(Euler) column buckling. Local buckling occurs in short columns that are long
enough not to fail due to crushing. For pultruded wide-flange (WF) sections (Fig-
ure 1), the column will compress axially until flanges develop wave like deforma-
tions along the length [5,12,13]. The flange deformations can be large, often
greater than the thickness of the flanges. Therefore the local buckling load can be
used as a failure criteria for short columns.

The short column buckling loads P; reported in Table 1 were determined from
short column tests as described by Tomblin and Barbero [13]. The values can be
predicted also using analytical or numerical techniques [14-18]. The load P; is in-
dependent of the length of the column as long as the column is short and wave mod-
ulation effect is not present [19].

1

Figure 1. Geometry and coordinate system.
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Table 1. Geometry and properties of the structural shapes tested.

Width Depth  Thickness (El) PL L*
Type Denomination [mm] [mm] [mm] [kN - m?] [kN] [m]
A 4x4x1/4 102 102 6:35 29.66 22695 1.14
B 6x6x1/4 152 152 flange:6.35 89.56 169.99 2.28
web:7.14
C 6 x 6 x 3/8 152 152 9.53 148.98 49395 1.73
D 8 x 8 x 3/8 203 203 9.53 380.51 369.35 3.19
E 8 X 4 x 3/8 203 152 9.53 49.94 640.80 0.88

The Euler (global) mode occurs in slender columns and involves asudden lateral
deflection once the critical load is reached. This lateral movement occurs without
deformation of the cross-section. Therefore, the Euler buckling load can be used as
afailure criteria for a slender column. The Euler buckling equation

(ED)

B 1
(kL / m)* M

E

accurately predicts the critical buckling load for slender columns in terms of the
bending stiffness (EI), the column length L, and the end-restraint coefficient k. The
reduction of buckling load due to shear deformation can be accounted for by divid-
ing the result of Equation (1) by 1 + P£/(GA), where (GA) is the shear stiffness of the
section [9,20,21]. The reduction is small for most practical cases. In addition the
shear stiffness (GA) is difficult to measure accurately and thus is not reported in
product literature. It is customary in steel design to predict (GA) as the product of the
material shear modulus times the area of the web, when bending occurs about the
strong axis. However, for composite WF shapes bending about the weak axis (GA) is
not predicted accurately in this way (see Example 8.7 in Reference [22]). The bend-
ing stiffness (EI) can be measured from a bending test [4] or back calculated from a
slender-column tests using Equation (1). The later method was used in this project.

When the axial load is applied at the neutral axis, without eccentricity, the col-
umn failure load can be estimated as [8]

P, =k;P, @)

where P is the short-column load. The resistance factor k; due to interaction be-
tween the local buckling of the flanges and the global (Euler) buckling of the col-

umn is
k. =k —sz —-"—“l (3)
i A A 6‘7\.2
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where k, = (1 + 1/A2)/(2¢), is a coefficient introduced for convenience, c is the em-
pirical interaction constant adjusted to fit the data, and A is the composite slender-
ness defined as ‘ '

_kL | P
o \(ED @)

where kis the end-restraint coefficient (see Table 8.1 in Reference [22]).

Data from [8,9,21,23,24] are shown in Figure 2 along with a plot of Equations
(2)~(4) when the mode-interaction constant is set to ¢ = 0.84. The isolated local
and Euler curves are recovered by setting ¢ = 1. In Equations (2)—(4), the material
properties are introduced through the bending stiffness (E/) and the short-column
load P, which are a function of both the material properties and the geometry of
the cross-section. Values of (EI) and P, were taken from the respective references
while constructing Figure 2. The data from various sources is compared in
dimensionless form because the material properties of the columns differ among
manufacturers even for the same cross-section geometry.
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Figure 2. Failure load of columns subjected to axial load without eccentricity.
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When the axial load is applied with eccentricity e with respect to the neutral
axis of the column, an end-moment My = P - e is generated. The end-moment
produces lateral deformations from the onset of the loading and precipitates pre-
mature failure of the column. Therefore, the scope of this study is to investigate
experimentally the behavior of pultruded columns when axially loaded with ec-
centricity. The deformation and failure are investigated using conventional test
procedures coupled with the shadow moiré technique, capable of measuring full
field, out-of-plane displacements. The contributions of the flange and lateral de-
formations to the overall behavior of the columns is readily observed, because
the two deformations are characterized by distinct and measurable physical pa-
rameters.

The design of beam-columns with traditional materials is done using
beam-column interaction diagrams that account for the reduction of column load
capacity due to bending. For example, design of steel beam-columns is addressed
by the AISC Manual of Steel Construction Allowable Stress Design, Section H1
Axial Compression and Bending and the AISC 1978 Specifications Section 1.6
[25]. Such diagrams do not exist for FRP structural shapes. Therefore, the objec-
tive of this paper is to provide the experimental data to support the development
of design equations and accompanying diagrams. Such tools are necessary for
the design of structures using FRP structural shapes.

EXPERIMENTAL SETUP

The beam-column tests were performed on a horizontal buckling frame about
the weak axis of the specimens. The buckling frame, shown in Figure 3, was com-
prised of one fixed crosshead, one adjustable cross head, and one movable cross
head. The adjustable crosshead adjusts in 305-mm increments, allowing for the
testing of columns ranging in length from 1.2 to 6 m. Mounted to the inside of
both the adjustable and the movable crosshead were two shoes with
pin-and-needle bearings, which provide the pinned-pinned end conditions for
the test.

All specimens were pultruded WF and I-beams provided by Creative
Pultrusions, Inc [1]. The specimens were prepared using a band saw to cut the
ends squarely with respect to the flange surface. It is critical to have the column
ends cut flat and perpendicular to the column’s axis, mainly with respect to the
strong axis to prevent premature localized failure. This may occur because the
pin-and-needle bearings provide only one degree of rotational freedom around -
the weak axis of the column. With respect to the weak axis, only a flat end is
sought because the pinned shoe automatically adjusts to the end of the column.
The axis of rotation of the pin-and-needle bearing is aligned with the flat end of
the shoe on which the end of the column rests.
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Figure 3. Experimental set-up used for beam-column buckling tests.

The columns were mounted in the frame in such a manner as to have one of the
flange surfaces facing upwards. In this way, gravity acts on the strong axis, which
?s not tested,.and there is no contribution to the Euler buckling mode due to grév—
ity.

In order to apply load to the specimen, a MTS 500 kN hydraulic actuator with
a £152 mm stroke was mounted between the fixed and movable crosshead. The
MTS actuator was equipped with an internal (stroke) LVDT used to measure the
stroke position of the actuator. The load was measured using a load cell mounted
on the actuator in the line of loading. In order to measure the lateral movement,
a 127 mm LVDT (lateral) PR 750-5000 LVDT was mounted to the side of the
buckling frame and secured to the web of the sample using double-sided tape.
Due to apparatus constraints, the lateral LVDT was not always placed directly at
the center-point of the beam, but a few inches away. That variation however, is
taken into account during data reduction assuming the Euler mode has a sinusoi-
dal shape. In this way the corrected mid-span deflection is obtained as

A=A ypr/! sin(nX ypr /L) ()
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in terms of the measured deflection A, ypr, the length of the specimen L, and the ac-
tual position of the LVDT along the specimen measured from either end X;ypr.

Data from the load cell, stroke LVDT, and lateral LVDT were conditioned using
aMTS 458.10 Microconsole in order to achieve maximum sensitivity. The two dis-

'placement measurements (stroke and lateral) were conditioned using two MTS

458.14 conditioners, while the load was conditioned using one MTS 458.12 condi-
tioner. The conditioned data were then passed to the data acquisition software us-
ing a Metrabyte DAS 16 data acquisition card. These data were recorded and dis-
played using Labtech Notebook Pro ver. 8.0 [26], installed on a 486/33 PC. Time,
load, stroke, and lateral displacements were recorded in data files. The tests were
performed using displacement control, specifying a stroke rate of 2.5 mm using a
MTS 418.91 Microprofiler. At failure, the test was stopped and the actuator was re-
turned to its initial position.

SHADOW MOIRE

The deformation of a beam-column not only contains lateral displacement, but
also flange deformations that need to be recorded. Shadow moiré is an optical tech-
nique that can be used to measure out-of-plane displacement [27]. This method
provides only a scalar quantity to represent the out-of-plane displacements. How-
ever, this technique is very powerful in that full-field deformations can be obtained
inreal time. Since this is a non-contact technique, the development of the buckling
mode is unaffected by the instrumentation. The field deformations are recorded us-
ing a video acquisition system.

Creating the fringe field is accomplished by shining a light source ata 45° angle
through a grating of desired frequency, producing a shadow or virtual grating on
the surface of the specimen. When the physical and shadow gratings are parallel
there are no fringes. Once the specimen experiences out-of-plane deformations,
the shadow grating interferes with the physical grating, creating fringes when
viewed normal to the original grating (Figure4). .

The amount of out-of-plane deformation that a specimen experience can be re-
lated by the number of fringes Ny, the pitch p of the grating, and the angle o between
the light source and the normal to the grating

N
w=E2"F | ©6)
tan o

A grating of frequency 2.56 line/mm was used [28] and butt-jointed to create a
viewing area 1300 x 250 mm. This was done in order to achieve an optimal dimen-
sion for viewing the deformation field as the sample also deforms laterally. Due to
availability restrictions, a frequency grating of 2.16 line/mm was used for beams
shorter than 1.575 m, and placed between two 900 x 250 mm glass plates. The
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P = 53.4 kN

P =178.0 kN

Figure 4. Moiré fringes showing the progression of flange deformations on sample D4.

th.ree‘grgtmgs were mounted on plate glass using silicone spray. The silicone mini-
mlzgd air bubbles between the gratings and glass. Silicone proved to be a good
choice in that it did not evaporate and did not deteriorate the gratings. The mougnted
glass was then suspended approximately 12.7 to 25.4 mm above the top flange sur-
face of the specimen. The top flange surface was painted with flat white spray paint
in or'der to e.nhance contrast. Choosing the top flange surface was a matter 0); 5isu-
ally 1.n'spe‘ctmg both flange surfaces and picking the surface with the least amount
of initial imperfections. The mounting frame used to suspend the grating enables
frge lateral adjustments from edge to edge of the frame and independent vertical
tad’Jl.Jstr.nems at the four corners in order to zero the initial fringe field. Due to th
fmtxal 1mperfections of the columns and the high resolution of the techr;ique it wa:
1rpposmble to completely zero the initial field. Instead, the initial fringe ,atter
gives acontour plot of the initial imperfect shape of the flange. P
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VIDEO ACQUISITION

When a structural shape buckles, flange deformations occur. Tomblin and
Barbero [13] measured and manually recorded flange deformations for locally
buckled columns using four dial gauges positioned along acolumn’s length. Using
the recorded load and localized flange displacements, the local buckling load
could be determined using Southwell’s method [29]. A full-field optical recording
method was developed in this project to capture flange deformation at every point,
inreal-time.

Video acquisition was used to record simultaneously the moiré image and the
digital values of stroke, load, and lateral displacements. The video acquisition soft-
ware Optimas can overlay two images obtained using two CCD cameras. The com-
posite image is thensenttoa video-recording device. The video acquisition system
is PC based and consists of a MX-2MB monochrome frame grabber video card,
video acquisition software [30] customized to overlay two separate video sources,
one medium resolution CCIR camera, and one high resolution CCIR camera.

The high resolution CCIR camera (COHU 4990) fitted with a 12 mm lens
(f1.2-16), was used to view the test sample. The medium resolution camera
(COHU 4913) fitted with a6 to 1 lens was used to view the data acquisition display
from DAS computer (Data Acquisition System computer). The video signal from
the two cameras is fed to the video acquisition computer via a serial connector on
the MX-2MB frame grabber card. This connection keeps the two video-signals
separate even though both must share the same input port. The video images were
then compiled into one image using a program in Optimas. The video output was
sent to aSVHS VCR, which recorded the composite image. This composite image
can later be captured from the SVHS VCR using the view acquisition software.

A large field of view is needed for beam-column testing because the column de-
flects laterally as a result of the applied end moment. To view the desired 1300 mm
test section, a camera frame was built next to the buckling frame, suspending the
high-resolution camera 2.9 m above the test specimen. The camera frame allows
for lateral adjustments and vertical adjustments to center the camera above the
specimen and obtain the desired field of view. Besides supporting the camera, the
frame also provided a means of draping lengths of cloth in order to keep as much
ambient light as possible from reaching the test sample, as this would degrade the
contrast.

Camera focus and aperture adjustments were needed to occur at the onset of
each test. For safety and convenience, two geared, reversible DC motors were
mounted next to the camera lens; one for the aperture, the other for focus.
Sprockets on the shafts of the motors turned belts that rested tightly around the
camera lens. Enough force was transmitted from the belt to the lens in order to turn
the ienses at approximately 3 rpm, yet, the belts were able to slip once the maxi-
mum lens rotation was reached. The motors were controlled using two, three posi-
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tion spring switches'connected to a 12 volt power supply. This control box allowed
for remote operation of the motors, approximately 12 m from the test.

EXPERIMENTAL PROCEDURE

Twenty-four different WF pultruded I-beams were tested at different lengths.
Twenty-two were tested with eccentricity (e = 25.4 mm); and two were tested
without eccentricity. There was no need to perform many tests without eccentricity
since such datais available in the literature [9,12,13,21,23,24]. Five different kinds
of columns were used for this project. They are called 4 x 4 x 1/4, 6 x 6 x 3/6,
8 x 4 x 3/8,and 8 x 8 x 3/8, with the dimensions and material properties shown in
Table 1. The behavior was consistent in most of the specimens tested. The columns
were simply supported at both ends. Axial, lateral, and flange deformations were
recorded in addition to the load (Table 2).

Ten specimens were prepared from the available WF I-beams to various lengths,
shown in Table 1. Each specimen was mounted into the grips and snuggled into
place by moving the actuator until a slight load was read. The grating was then sus-

Table 2. Experimental results.

Sample by P,/P, P,/P, P,/P, (P, - P))/P, 100 v/L*
A1* 0.89 0.186 0.302 0.304 , 0.16% 2.07
A2* 0.89 0.209 0.329 0.328 -0.14% 1.57
A3 1.23 0.176 0.261 0.260 -0.08% 1.89
B1 0.66 0.338 0.450 0.450 0.00% 0.22
B2* 0.69 0.209 0.463 0.483 1.94% 0.20
B3 - 0.80 0.288 0.448 0.463 1.53% 0.65
B4 0.80 0.288 0.448 0.458 0.99% 0.56
B5 0.94 0.262 0.395 0.400 0.45% 0.19
B6 © 1,07 0.183 0.419 0.423 0.46% 1.01
c1 1.06 0.306 0.398 0.405 0.65% 1.10
C2 1.06 0.261 0.389 0.404 1.51% 1.91
C3* 1.10 0.261 0.360 0.355 -0.49% 1.77
Ca* 1.10 0.081 0.315 0.383 6.77% 1.52
D1 0.86 0.301 0.566 0.585 1.88% 0.96
D2 0.98 0.181 0.483 0.521 3.80% 1.27
D3 0.98 0.120 0.439 0.457 1.89% 1.35
D4 1.05 0.361 0.524 0.521 -0.29% 1.47
D5 1.05 0.361 0.454 0.455 0.06% 1.26
E1 1.82 — 0.158 — — 3.26

E2 1.82 — 0.166 — — 4.34
E3 3.13 — 0.060 — — 5.01
E4 3.82 — 0.054 — — 10.86
D6 ** 0.60 — 0.973 0.983 0.95% 0.00
D7 ** 0.60 — 0.898 0.918 2.06% 0.00
*End failure.

**No eccentricity.
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pended above the specimen using the mounting fixture. The laboratory’s interior
lights were extinguished in order to lessen the effects of ambient light on the moiré
picture. The light source was switched on in order to begin observing the initial
moiré fringe pattern.

The data and video acquisition were initialized as the test started. One camera
captured the fringe pattern development of the specimen, and the other camera
captured load, stroke LVDT, and lateral LVDT measurements. The two camera
signals were sent to the video acquisition computer and recorded on SVHS tape as
acomposite image.

The test was run at a stroke rate of at 2.5 mm/min according to the program stored in
the MTS 458.10 Microprofiler. This stroke-rate was slow enough to observe the
growth of the fringe pattern, yet provided reasonable test duration for taping purposes.

Once aloading of approximately 4.5 kN was achieved, the test was held at that
load as efforts were made to zero the initial fringe pattern and attach the lateral
LVDT used to measure lateral displacements. Once a satisfactory initial fringe pat-
tern was achieved, the test resumed and continued until ultimate column failure.
After failure, the actuator was returned to its initial position and the frame was pre-
pared for the next experiment. After the test was complete, the images were recap-
tured, frame by frame, from the VCR into the computer. The images were then
used to count the number of fringes as the load increased. The number of fringes
was converted into flange displacements 6 using Equation (6).

EXPERIMENTAL OBSERVATIONS

In this section, both the moiré and conventional data are used to describe the buck-
ling behavior of the beam columns. Twenty-two out of twenty-four columns tested
showed significant development of buckling modes before failure. The only two col-
umns to fail by material crushing did so after very large lateral deflection, which
would be inadmissible in a practical application due to serviceability constraints
(samples E1-E2, Table 2). In addition, the following observations were made:

1. All columns had surface imperfections that caused initial fringes to appear.
When processing the data, these initial fringes are subtracted from the overall
fringe orders obtained throughout the duration of the test. The columns settled
as loading was initially applied. In order to obtain the initial fringe pattern, the
test was held at approximately 4.5 kN, and the initial fringe pattern was zeroed
as best as possible. '

2. The compression-side of the column had more fringe patterns than the ten-
sion-side because of the bending moment applied. Along with the increased
number of fringe patterns, a lower wavelength was observed on the compres-
sion side (Figure 4).

3. As expected, load eccentricity results in a nonlinear load-deflection plot, as
shown in Figure 5. The maximum load that can be reached reduces signifi-
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Figure 5. Load vs. lateral deflection plot.

cantly with respect to the column load without eccentricity. Lateral deflections
v was measured at the midspan and normalized by the flange thickness ¢. The
maximum flange deflection occurs at the edge of the flange.

SOUTHWELL’S METHOD

Previous research [13,23] showed that Southwell’s data reduction technique
[29] could be used to determine the critical buckling load for an imperfect column.
Based on the assumption that the plot of P —§ acts as a rectangular hyperbola, with
the P axis and the horizontal line P = P, as asymptotes, P the measured land, and &
the measured deformation. If the horizontal asymptote can be determined, the crit-
ical load would be known. However, the asymptote is seldom reached during test-
ing because of limitations of the equipment. Alternatively, it can be shown that the
slope of the best-fit line for the plot of 8/P vs. & is equivalent to the inverse of the
critical load 1/P,, (Figure 7). Imperfections in the column effect the y-intercept of
the plot, but not the slope. Therefore, the correct critical load can be determined.
The technique is used here to interpret the flange deformation data obtained from
the moiré images. A single numerical value of critical load Ps for each
beam-column is then reported in Table 2 instead of reporting a plot such as Figure 6
foreach sample.

For each column tested the 8/P — & plots were made for the moiré data. A linear
regression was performed on the transformed data in order to obtain the equation
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for the best fit of the data. The results are presented in Table 2. The ultimate experi-
mental load Py, the bifurcation load Py, and the critical buckling load determined
from the moiré measurements P, were normalized by the short-column load P;.
The bifurcation load was recorded as the last value of load for which no fringes
were observed. In addition, the lateral deflection v at aload Pyisreported. The val-
ues are normalized with the length L* at which the Euler and local buckling loads
coincide (A = 1) to provide for a meaningful interpretation of the magnitude of lat-
eral deflection when such a variety of cross-sections are considered.

FINAL REMARKS

Based on the observations made, it was concluded that the main factors control-
ling failure of beam-columns are the eccentricity e, the column length, the material
properties, and the geometry of the cross-section. All columns failed due to flange
buckling as long as the bearing strength of the material at the ends of the sample
was high enough to support the load (Figure 8). When flange buckling was pre-
cluded because the column was too slender, only lateral (global) deformations
were observed (samples E1-E4). In these cases the material remained undamaged.
The load deflection plots in Figure 5 could be retraced any number of times. Even-
tually, the crushing strength of the material was reached on the compression side
and the column failed (Figure 9). However, from a design point of view, this situa-

Figure 8. End failure of sample A2.
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Figure 9. Compression failure of sample E2 while undergoing bending with respect to the
weak axis.

tion would seldom be reached because serviceability constraints on the lateral de-
flection would be reached at amuch lower load.

CONCLUSIONS

An experimental procedure was developed for obtaining rglevam desn.g{lt m;c;]rt;
mation for pultruded structural shapes subject to .end-loads w1tb f:ccelntr;m y.d e
information obtained includes the incipient buckling load., the grmgal oad, al:n ’
eral as well flange deformation at failure. Tl:liS was possible by using the sha ;hz
moiré technique and a data reduction technique demonstra}ted in this }?aﬁe'r, ohe
shadow moiré technique provides accurate flange deforma'tlo.n dgta, w 1cdm :
yields accurate prediction of the critical load. where it is interprete du;fmg_
Southwell’s data reduction method. The information report.ed helfe for five }: er
ent structural shapes can be used directly for str}lctural d.eS{gn using lhos; sh apesf
or could be used to validate analytical or numerical predictions of the behavior o

such shapes.
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