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BY PIZHONG QIAO*, JULIO F. DAVALOS*, 'EVER'J. BARBERO*, DUSTIN TROUTMAN**

Useful guide
ss-fact
déSigners 0

lastics-based composite beams and columns can

I ~ _storage structures exposed to salts and chemi-
cals. However, the lack of step-by-step procedures for
designing fiber-reinforced plastic (FRP) beams presents
a problem to builders, engineers, and others who are
unfamiliar  with -
composites, yet bear
the liability for mak-
ing material choices.
We present a set
of design equations
for such structural
members that ac-
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be used for bridges, piers, retaining walls, and - beam sections were tested

icro/macro-

To address these issues, design equations based on
parameters tabulated for 24 representative FRP sections
produced by Creative Pultrusions Inc., Alum Bank, Pa,
were developed in this study, sponsored by the West
Virginia Department of Highways. Key parameters in-
clude panel stiffness and strength, beam bending/shear
stiffness, beam deflection and maximum strain, global
critical buckling load, flange local critical buckling load,
and beam bending and shear strength, Eight of the 24
- four wide-flange beams, a
box beam, two I-beams, and a channel beam. S

The design parameters and their corresponding sim-

plified step-by-step design equations for FRP beams are
presented, and the accuracy of the equations is validat-

ed with experimen-
tal data. For most
pultruded FRP sec-
tions, the layup of a
panel is usually bal-
anced symmetrical-
ly, and the panel
stiffness and

losipes

chanics

count for bending,
shear, local/global

test
86 strength properties
can be obtained ei-

buckling, and mater-
ial failure that are.

ther from experi-
mental coupon tests

based on experimen-
tal and analytical

or through theoreti-
cal predictions by

study of eight com-
monly used FRP

micro/macrome-
chanics. The panel

shapes. Together
with our guidelines,

m, B: box beam, COV: coe

stiffness and
strength properties

they can be used by

structural engineers in designing composite structures.
Most FRP shapes are thinwalled, manufactured by the

pultrusion process, and typically consist of E-glass fiber

and polyester or vinyl ester resins. The complex interac-

tion of material properties, architecture, and geometric

shapes requires that four key structural behaviors be

-considered in the design. These include:

M Relatively large deflections due to the low elastic

modulus of resins used. ,

B Considerable shear deformation due to the relatively

low shear modulus of the composite.

B Critical global and local stability (buckling) due to

the thinwall structure and/or large slenderness ratios of

component panels.

W Potential material failure due to the relatively low

compressive and shear strengths of composites.

*West Virginia Univ., Morgantown, WV, **Creative Pultrusions Inc., Alum

Bank, PA.

obtained from
coupon tests compare well with predicted values. (Ta-
bles 1, 2) Explicit equations developed in terms of panel
stiffness and strength properties can be applied in engi-
neering design for the computation of beam bending
and shear stiffness coefficients, deflections, panel
strains and stresses, local/global buckling loads, and
material failure loads. ~
The response of FRP shapes in bending is evaluated
using the mechanics of thinwalled laminated beams
(MLB). We simplify the MLB formulations and present
explicit expressions in terms of panel engineering prop-
erties for beam bending and shear stiffness coefficients,
which can be used in equations for predicting beam de-
flections, and bending strains and stresses. Assuming
that the beam centroid is the neutral axis of bending
(no beam bending-extension coupling), general expres-
sions for the beam bending (D) and shear stiffness (F)
coefficients are computed (see Eq. 1) where b; is the
panel width, t;is the panel thickness, and o; is the
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cross-sectional orientation of the ith panel with respect
to the bending axis; (E,); and (G,,); are the panel stiff-
ness values obtained either by the mlcro/macromechan-

" ics approach or from coupon tests. Since D and F are

similar to EI and GA for isotropic materials (e:g., steel
beams), if the flanges and webs of a section have iden-
tical layups and stiffnesses, then the beam bending and
shear stiffnesses can be expressed in terms of panel

stiffnesses E, and G, dy and geometric properties I and A.

Dlsplacement and rotation functions can be obtained
by solving Timoshenko's beam theory equilibrium
equations. In particular, available expressions for maxi-
mum bending and shear deflections can be used. For
example, the maximum deflection for a three-point
loading of a beam of span L and design load P is shown
where the bending (3;) and shear (8,) components of
deflection can be independently evaluated. As an ap-
proximation in design, the shear correction factor for
most FRP sections can be taken as K, = 1.0. (see Eq. 2)
The maximum top-surface longitudinal strains and in-
plane shear strains of the ith panel are expressed (Eq.
3) where V and M are, respectively, the resultant inter-
nal shear force and bending moment acting on the
beam; h; is the transverse coordinate of a point from the
neutral axis.

A comprehensive analytical approach was developed
to study the local buckling behaviors of pultruded FRP
shapes. The local buckling analysis for discrete laminat-
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Strength

-beam, B: box bearﬁ

ed plates or panels of FRP shapes was formulated, and

the effects of restraint at the flange-web connection were

considered. For the flange panels under compression,
simplified expressions for predictions of plate buckling
strength are proposed by approximately solving tran-
scendental equations where o, is the critical stress, and
p and g are constants that are defined by the coefficient
of restraint (¢) at the junction of panels. (Eq. 4)

For a beam under three-point bending, the critical lo-
cal buckling load (P, can be obtained in terms of
critical stress and beam properties. (Eq. 5). Results
based on design equations 4 and 5 compare favorably
with testing data for four wide-flange beams.

Global buckling in long-span FRP beams without
lateral supports and with large slenderness ratios is
common. We derived a Vlasov theory-based simplified
equation for flexural-torsional buckling of an I-section
(Eq. 6) which also correlates with experimental

' tests.

-Due to relatively low compressive and shear strength
of FRP composites, material failure must also be evalu-
ated. Just as with deflection and buckling, beam bend-
ing and shear strength (ultimate failure loads) can be

.expressed in terms of panel strength properties (Eq. 8).

Values for F. and F,, are in Table 2. The comparisons
between the design based on experimental coupon data
are also shown in Table 2.

Design procedures for FRP beams
The following guidelines for designing FRP beams under
bending are recommended:

M Characterize the beam panel material properties
(stiffness and strength) from either coupon tests or mi-
cro/macromechanics and empirical formulas.

M From Eq. 1, obtain the beam bending and shear
stiffness coefficients, which in turn can be used to pre-
dict the beam deflection, strains, and stresses.

W Determine the local and global buckling resistance
of beam sections by Equations 5 and 6, respectively.

M Predict the beam failure (bending and shear) loads
based on the panel strength data and Eq. 7.

The simplified parameters and equations developed
and presented here account for most of the critical is-
sues in FRP beam design. They can be used in the fu-
ture to develop general design guidelines and also
“product-acceptance” criteria for FRP beams produced
by any manufacturer. -Edited by William A. Kaplan O
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the performance of pricier engineering resins.
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