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Properties of Pultruded Fiber
Reinforced Plastic Structural Members
LAWRENCE

c.

BANK

Fiber reinforced plastic (FRP) beam sections, produced by the
pultrusion process for load-bearing structural engineering applications, are manufactured by a number of U.S. companies. For
design purposes both stiffness and strength properties of these
structural members are required. The shear stiffness of pultruded
FRP beams is considered in this paper. A new material/structural
stiffness property, called the beam section shear modulus, is proposed. Using the beam section shear modulus, a procedure is presented to account for the effects of shear deformation on the response
of FRP beams. Results of an experimental program conducted to
obtain the section shear modulus for a variety of commercially
produced FRP beams are reported. Values of the section flexural
modulus for FRP beams are also given. The analysis of a rigid
portal frame structure is presented to demonstrate the influence
of the beam section stiffness properties on frame deflections and
forces.

Fiber reinforced plastic (FRP) thin-walled beams are beginning to see application in a variety of civil engineering structures. Further use of these attractive construction materials
depends to a large part on structural designers gaining a familiarity with FRP materials, their properties, and their design
requirements (1). As noted by Green (1), "Standard codes
of practice for design and application of plastic composites
are urgently needed .... " and "Relevant data must be scientifically gathered and presented in a usable form so that
the information can be readily interpreted by structural engineers." It is the purpose of this paper to provide some of this
information for a particular class of FRP structural members,
specifically, pultruded FRP beams. Pultruded FRP structural
beams are produced in standardized profile shapes such as,
I-beams, wide-flange (WF) beams, channels, and angles. The
work described in this paper concentrates on commercially
produced standard shapes because it is felt that the widespread
use of FRP structural members will depend, to a large extent,
on the standardization of the pultrusion industry. As noted
by Wigotsky (2), "Tailorability at the expense of standardization compounds confusion in the architect's material selection process, not confidence."
Although FRP beam sections are geometrically similar to
steel beam sections, their mechanical (stiffness) and structural
(strength) properties are very different. These differences
influence both the behavior of FRP struc.tures and the procedures that need to be used in their analysis and design.
When designing a structure, the ultimate strength as well as
the ability to behave as desired under service-load conditions
must be considered. This paper concentrates on the stiffness
properties of FRP beams and is, therefore, concerned priDepartment of Civil Engineering, The Catholic University of America, Washington, D.C. 20064.

marily with the serviceability of FRP structures. Investigations
of the strength and failure mechanisms of FRP beams have
been considered by Sims et al. (3), and studies of the stability
of FRP thin-walled sections have been reported by Lee and
Hewson (4). The ASCE Structural Plastics Design Manual (5)
gives an overview of the issues associated with the design of
FRP structures.
In previous work on the subject of the stiffness and deflections of FRP beams (3,4,6) it has been demonstrated, both
theoretically and experimentally, that shear deformation effects
can have a significant influence on the response of FRP beams.
This is because of the anisotropic stiffness properties of the
walls of thin-walled FRP beams and, in particular, in pultruded FRP beams, the low in-plane shear stiffness of the
material relative to its longitudinal stiffness. This paper presents a methodology to account for the shear deformation in
terms of an experimentally determined beam section shear
modulus. In typical pultruded FRP beams, serviceability
requirements often govern beam design (1), making accurate
calculation of deflections critical. In addition, because FRP
beams will have shorter spans than conventional steel beams,
shear deformation effects, which are usually neglected in steel
beams, must be accounted for in FRP beams.
The paper is divided into three sections. First, shear deformation beam theory is reviewed and the motivation for introducing a section shear modulus is discussed. The significance
of shear deformation on the response of short-span FRP beams
is demonstrated. Second, results of an experimental investigation, in which section shear and flexural moduli were obtained
for a variety of pultruded FRP beams, are presented. Third,
results from the analysis of a rigid portal frame are presented
to demonstrate numerically the effects of shear deformation
by comparing the response of a frame consisting of isotropic
material beams to one consisting of anisotropic pultruded FRP
beams.

SECTION SHEAR MODULUS OF PUL TRUDED
FRP BEAMS
The theory for the deflection of beams accounting for the
effects of shear deformation is discussed in such texts as
Mechanics of Materials by Gere and Timoshenko (7). The
theory presented in this paper follows from Timoshenko's
original work in this area (8) and is the one commonly used
in the analysis of sandwich beams (9) in which significant shear
deformations occur because of the shear flexibility of the beam
core. In the shear deformation beam theory used here, two
variables are used to describe the deformation of the beam
subjected to transverse loading; the total deflection and the
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slope resulting from bending deformation only. Two firstorder equations for the static response of the beam are solved
together with appropriate boundary conditions relating to the
total deflection and the bending slope. The details of the
equations are not repeated because they can be found elsewhere (6-9).
The solution to the two equations for the case of beams of
isotropic materials is given in the following general form:
w(x) =

f

1

(x)IEJ + fz(x)!kAG

(1)

where w(x) is the beam deflection function , fi(x) and f 2 (x)
are functions that depend on the loading and boundary conditions, Eis the isotropic Young's modulus of the material,
I is the second moment of area, k is the shear coefficient , A
is the cross-sectional area, and G is the isotropic shear modulus of the material. The shear coefficient, k, accounts for
the fact that the distribution of shear strain is not uniform
over the cross section . For thin-walled isotropic sections the
shear coefficient can be found by a method developed by
Cowper (10). Cowper shows that the shear coefficient for thinwalled beam sections is a function of both the material properties and the geometrical properties of the cross section, even
for isotropic beams. Cowper also shows that for common thinwalled beam sections (e.g., I-beams and T-beams) the properties of both the webs and the flanges enter into the formula
fork.

In structural engineering applications the term kAG is often
replaced by the term A ,G, where A, is called the effective
shear area. The effective shear area is usually approximated
by the area of the web (or webs) in thin-walled sections (i.e.,
A, = A,v).

Equation 1 can be applied to the analysis of thin-walled
beams composed of anisotropic composite materials, such as
pultruded FRP beams, as discussed by Bank and Bednarczyk
(6) . To use Equation 1 for the thin-walled composite beam,
the "appropriate" mechanical and geometrical properties of
the composite beam must be used for E, I, k, A, and G. This
paper proposes a set of "appropriate" mechanical and geometrical properties to be used for thin-walled pultruded FRP
beams.
Consider, first, the first term in Equation 1. The second
moment of area I is a geometrical property of the cross section, which can be calculated by known methods. Because it
is only a function of the cross-section geometry , it is retained
for the pultruded FRP beam. The appropriate stiffness property proposed for the pultruded FRP beam that replaces E
in the isotropic formulation, is the beam section flexural modulus, designated as Eb (where the subscript b stands for "beam")
in what follows. In pultruded FRP beams the beam section
flexural modulus is generally different from the coupon flexural modulus, which is different from the coupon longitudinal
modulus. These differences exist because of the nature of the
laminated structure of the pultruded composite material and
the variation in properties in parts of the beam cross section.
For this reason manufacturers of pultruded beams give fullsize flexural moduli for design purposes, as well as coupon
tensile and flexural moduli (11,12). The section flexural modulus is obtained from tests on full-size pultruded FRP beams.
Consider, now, the second term in Equation 1. The crosssectional area A is a geometric property (like I) that can be
precisely calculated. It is proposed, therefore, to retain it

in this formulation as an appropriate property for the pultruded FRP beam. The appropriate properties of the pultruded
FRP beam required to replace the terms k and G in the isotropic formulation are the most difficult to determine. The
isotropic shear modulus must be replaced by an appropriate
anisotropic shear modulus. Because of differences in reinforcement in the flanges and the webs of pultruded beams,
the shear moduli of these different parts of the cross section
will be different. Consequently, a unique value of G for the
pultruded FRP beam cannot be found, as in the isotropic case.
The shear coefficient , k, depends on the geometrical and the
material properties of the beams. Because the properties can
vary around the cross section, the shear coefficient for the
pultruded FRP beams will be a function of the different shear
and longitudinal moduli of the webs and the flanges .
A procedure to find the appropriate k and G for thin-walled
composite beams that incorporates all the different anisotropic stiffness properties has been proposed for characterizing advanced composite material beam structures (13) but
is felt to be unsuitable for pultruded composite beams for a
number of reasons . First, because of the irregular internal
structure of pultruded composite parts , micromechanical models
cannot be used to accurately characterize the stiffness properties . Consequently, coupon tests must be relied on to obtain
material properties. Because of the variability in properties
around the cross section of pultruded FRP beams, numerous
coupon tests are required. Second, coupon tests are both timeconsuming and expensive. Because pultruded FRP beams, of
the types discussed in this paper, are considered primarily for
civil engineering purposes, expensive characterization impedes
widespread use of the material. In addition, because the shear
modulus cannot be calculated from E and v as in isotropic
materials, independent shear coupon tests are required . These
tests are difficult to perform . Finally, even with coupon material properties available, the resulting theory (13) is felt to be
too complex for pultruded FRP beams for use in civil engineering applications.
For these reasons a new material/structural property is proposed to characterize thin-walled pultruded FRP beams.
Analogous to the beam section flexural modulus, a beam
section shear modulus is proposed for the pultruded FRP beam.
The section shear modulus is identified as Gb in which the
subscript stands for "beam" (as in the beam section flexural
modulus). Gb replaces the term kG in the isotropic formulation. Gb is not equal to the material shear modulus G . As
in the case of the beam section flexural modulus, the beam
section shear modulus is found from direct experiment on
full-size pultruded FRP beams. Coupon tests are therefore
avoided. The beam section shear modulus Gb is a function of
the material properties and the geometrical properties of the
beam. The form of Equation 1 proposed for the analysis of
pultruded FRP beams is

(2)
All the terms in Equation 2 have been defined previously. In
what follows , an experimental program is described in which
Eb and Gb were measured for a variety of commercially produced pultruded FRP beams.
The approximate approach of using an effective shear area
A,, as in the case of isotropic beams, can be used for composite
beams. If the effective shear area is taken as the web area,
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then the shear modulus of the web material Gw needs to be
obtained from a coupon test (or by micromechanical calculation). The term kAG in Equation 1 now becomes A..,Gw.
In this approximate approach the effect of shear deformation
in the beam flanges, which has been shown to be significant
in thin-walled composite beams (6), is neglected. A comparison between the two approaches is presented in what follows.
The significance of shear deflection in pultruded FRP beams,
given by the second term in Equation 2, can be investigated
analytically by considering the response of a simply supported
center-loaded beam of span L. For this case the maximum
deflection, w, under the load, P, is written in the form of
Equation 2 with appropriate loading and boundary conditions
as
(3)
Neglecting shear deflection , the deflection w can be written
in terms of an apparent beam section flexural modulus E as
0

(4)

w = PL3/48Eal

Equating Equations 3 and 4 gives the apparent beam section
flexural modulus in terms of the section anisotropy ratio
(E,)Gb) and the slenderness ratio (L!r), where r is the radius
of gyration, as

FULL-SIZE TESTS ON PULTRUDED FRP
BEAMS

The beam section flexural modulus and the beam section shear
modulus were obtained for a number of "off-the-shelf" pultruded FRP beams produced by Creative Pultrusions, Inc.
The experimental methodology used to obtain the section
moduli is based on a variation of the three-point bend flexure
test (ASTM D790) and is described in detail by Bank (14).
In this variation , the three-point bend test is applied to fullsize pultruded beams at slenderness ratio (L/r) values of less
than 30 so as to fall into the steep slope region shown in
Figure l. This procedure has the advantage of yielding measurable values of the section flexural and shear moduli from
tests on relatively short-span beams. To obtain comparable
values of the apparent beam section flexural modulus that are
negligibly influenced by shear deformation (and therefore
approach the beam section flexural modulus described in this
work) L/r values need to be in the 100 range as can be seen
from Figure l.
The test requires loading a simply supported beam at its
midspan and measuring the deflection under the load. The
relationship between the midspan deflection w, the load P,
and the section elastic moduli, given by Equation 3, can be
rewritten in the following form:
4Aw
PL

(L!r) 2
12Eb

1
Gb

- - =- - - + -

(6)

(5)

In Figure 1 the ratio E.f Eb is plotted against the slenderness
ratio for values of Eb!Gb , which are appropriate for pultruded
FRP beams. As the influence of shear deflection increases,
the ratio E.f Eb decreases from its maximum value of 1.0. It
can be seen that the effects of shear deflection increase as
(a) the section anisotropy ratio increases and (b) the slenderness ratio decreases . The effects of shear deflection are
most severe for L/r ratios less than 60. It is therefore strongly
recommended that the contribution of shear deflection be
included in deflection calculations when L/r is less than 60.

.8

"'

.6

UJ
-.....

"'

UJ

.4

.2
0

= 10
= 20
= 30
= 40
= 50
40
60
L/r

Eb/Gb
Eb/Gb
Eb/Gb
Eb/Gb
Eb/Gb

0

20

80

FIGURE 1 Apparent flexural modulus as a function of
anisotropy and slenderness ratios.
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Equation 6 is the equation of a straight line in the 4Aw/PL
versus (L/r)2 plane in which the slope of the line is l/12£b
and the intercept is l!Gb. The experimental data points are
obtained by measuring w for a constant load P at different
values of (L/r) 2 . The slope and intercept are obtained by
performing a linear regression through the experimental data
points. The section moduli are then obtained by simple calculation. Alternatively, Equation 3 can be rewritten as
4/w

PU

1
(Llr)2Gb

1
l2Eb

---+--

(7)

In this form, Gb is obtained from the slope and Eb from the
intercept of the line in the 4/w/PU versus 1/(L/r) 2 plane. Both
calculation methods were used to find the section moduli in
this investigation . In the opinion of Sims et al. (3), it is more
accurate to use values for the moduli obtained from the regression line slope than from the intercept .
In this investigation all the beams were tested at (L/r) 2
values ranging from 150 to 500 in increments of 50 (i.e., L/r
values of 12.2 to 22.4). A total of seven different beams having
different sizes, shapes, and material properties were tested.
At each slenderness ratio, the beam was loaded to two different loads and the midpoint deflection recorded for each
load. The average value of w!P was then used in the subsequent calculations. The larger of the two loads was that which
gave a maximum deflection of approximately L/300 for the
longest span (i.e., (L/r) 2 = 500). The smaller load was twothirds of the larger load. Under these loads the deflections
were measured with a dial indicator having a 0.0001-in. sensitivity. The linear regressions had correlation coefficients above
0.995 in all the tests, which indicated consistent data. The
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TABLE 1 PROPERTIES OF I AND WF BEAMS IN TEST
PROGRAM
Beam

WF4x4x 1/4

r

A

L

m"

4
( in l

2
( in l

7.94

2 . 888

1. 66

37 . 12

40.17

6.480

2 . 50

55 . 90

99 . 18

8.730

3 . 38

75 . 58

7.94

2.888

1. 66

37. 12

99. 18

8 . 730

3.38

75 . 58

4.40

1. 890

1. 54

34 . 44

70.62

5.725

3 . 12

69 . 77

(in)

(in)

Vinyl ester
WF 6 x 6 x 3/8

Vinyl ester
WF 8 x 8 x 3/8

Vinyl ester
WF4x4x 1/4
Polyester

WF 8 x 8 x 3/8
Polyester
I 4 x 2 x 1/4

Polyester
I 8 x 4 x 3/8

Polyester

t

b
FIGURE 2 Geometrical
properties of pultruded
FRP beams.

beams tested are given in Table 1 together with some pertinent
geometrical properties (11). In Table 1, Lmnx refers to the
maximum length of the beam required for testing at (L/r) 2 =
500. As can be seen these are all manageable lengths and did
not require a particularly large testing area. The beams are
described by three numbers: height by flange width by constant wall thickness (in inches) as shown in Figure 2. All data
are reported in standard U.S. units because these units are
overwhelmingly used in the pultrusion industry and by designers in the United States. Figure 3 shows, as a typical example,
the experimental data points and the linear regression lines
for the WF 6 x 6 x 3/8 vinylester beam.
The values of Eb and Gb obtained from the experiments
are given in Table 2. From Table 2 it can be seen that there
is some difference in values predicted by Equations 6 and 7.
This difference is not particularly significant. The two sets of

values are best thought of as defining bounds for the experimental values, and an average value is suggested for design
purposes. The results show clearly the higher values of the
section anisotropy ratio for the wide flange beams (Eb!Gh
around 30) as compared with the I-beams (Eb/Gb around 20)
indicating greater shear deformation effects in the WF beams.
These values correlate with the lower values of Gb for the
WF beams. The vinylester beams have higher values of Eb
and Gh than the polyester beams for the same cross-sectional
geometry. A variation in section properties for different sized
beams of the same material system is observed. In the WF
series the section properties all decrease as the size of the
section is increased. The I-beams show a slight increase as
the section size is increased. This variation is probably attributable to the manufacturing process in which the fiber content
and layout change to some degree from beam to beam.
As is seen from Table 2, Eb is not constant and shows a
dependence on beam shape and material. The range of values
for Eb is, however, consistent with the full-size flexural moduli
recommended by the manufacturer (11). These are 2.5 Msi
for polyester beams and 2.8 Msi for vinylester beams. (These
values of the section flexural moduli are suggested, by the
manufacturer, for use with all beam section shapes.)
Values of Gb are not given by the manufacturer. Based on
the results of the limited tests performed, minimum section
shear moduli Gb are suggested for use with the manufacturer
suggested Eb values. (In the absence of experimental values
for vinylester I-beams, the recommended Gb values are based
on the polyester I-beam values scaled with respect to the
1-beam/WF beam ratio.) The values of Gb suggested are
•
•
•
•

Polyester WF beams: Gb = 0.075 Msi
Polyester I-beams: Gb = 0.125 Msi
Vinylester WF beams: Gb = 0.085 Msi
Vinylester I-beams: Gb = 0.140 Msi

It is of interest to compare the experimental results, using
the beam section shear modulus approach, with the approximate approach using the effective shear area (i.e., web area)
and the web shear modulus G.,. Values for the web shear
modulus were found for four of the beams in a separate investigation (15) and are given in Table 3. For these four beams
the values of AGh and A'"G'" are compared in Table 3. (Gb
is taken from Table 2, Equation 6.) Results of Table 3 indicate
that the approximate approach is less conservative than the
beam section modulus approach. This implies that the beam
web is not the only part of the section that is subjected to
shear deformation. The approximate approach should, therefore, be used with caution. The two approaches show the
same overall trends.

ANALYSIS OF A FRAME WITH FRP
STRUCTURAL MEMBERS
The analysis of a rigid portal frame constructed of pultruded
FRP is described to demonstrate the influence of shear deformations on the deflections and on the redistribution of bending moments and shear forces in a statically indeterminate
structure. The response of an isotropic material frame is compared with the response of a highly anisotropic FRP frame.
Because a range of beam section modulus values was found
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TABLE 2 RES ULTS OF TESTS ON I AND WF BEAMS IN
TEST PROGRAM
[from eq . (7) J

[from eq . (6)]

Beam
E

b

G

b

E /G
b

TABLE 4 NUMERICAL DATA FOR PORTAL FRAME
EXAMPLE

E

b

b

(Ms\) (Ms\)

E /G

G

b

b

b

(Msi) (Ms\)
/j

WF 4 x 4 x 1/ 4

3 . 28

0 . 112

29.3

3. 19

0 . 115

0

-0.5566

B horizontal

-0.3819

-0.4B39

-0.0123

-0.0123

2.82

0 . 089

31.7

2 . 74

0. 092

29.8

0

2. 78

0 , 08 4

32 . 8

2. 79

0 .085

32 .9

M

59660

62657

3 05

0 .089

34.2

3. 14

0 . 087

36 . 0

MA

-10960

-18663

MB

-25778

-23600

2 , 48

0.076

32 . 7

2.45

0.077

31.9
MC

-75415

-71418

2.67

0. 134

20. 1

2.85

0. 130

22.0
MD

59402

53521

VA : VB

-123 . 5

-41 . 2

VC

1123 . 5

1041 '2

Vinyl ester

WF 8 x 8 x 3/8

-0.3859

27.7

Viny l ester
WF6x6x 3/ 8

max(girder)

B vertical

ma x( g i rder )

Vi ny l est e r

WF 4 x 4 x 1/ 4
Polyester

WF8x8 x 3/8
Pol yester
I 4 x 2 x 1/4

Polyester
I 8 x 4 x 3/8

2 . 91

0. 132

3. 12

22 . 1

0. 124

23.5

Po l yes ter

TABLE 3 COMPARISON OF SECTION SHEAR MODULUS
AND APPROXIMATE APPROACHES
Beam

WF4x4x 1/ 4

AG

AGb

(Msi)

(x 10

6

""

lbs)

(x 10 6 lbs)

0 . 391

0.323

0.391

0.291

0.257

0.291

0 . 330

0.733

0 . 990

0.281

0.663

0.844

Vinyl ester
WF4x4x 1/4
Polyester
WF 8 x 8 x 3/8
Vinyl ester
WF 8 x 8 x 3/ 8
Polyester

* : taken from Ref .
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in the experimental program, representative values are used
for the beam section flexural and shear moduli in this part of
the paper.
The frame has a height of 120 in. and a span of 144 in. and
has moment resisting connections at the base of the columns
and the top corners as shown in Figure 4. The columns and
girder are WF 8 x 8 x 3/8 in. pultruded FRP beams with
geometric properties of I= 99.18 in. 4 and A = 8.73 in. 2 • For
comparison purposes two section anisotropy ratios are considered: Eb/Cb = 5 and Eb/Gb = 40. The first represents an

2

VD

o:deflectlon (in); M:bendlng moment (lb-In); V: shear force (lbs)

isotropic beam section , whereas the second represents a highly
anisotropic FRP beam section. As can be seen from Table 2,
actual values of Eb/Gb range from 20.1 to 36.0. Eb is taken
as 3.0 Msi and Gb is taken as 0.6 Msi (isotropic with ElkG
= 5.0) and 0.075 Msi (anisotropic) . As can be seen from
Table 2, these values fall into the range obtained for FRP
beams. The frame is loaded with a uniform line load of 500
lb/ft on the girder and a horizontal load of 1,000 lb at the top
left corner of the frame as shown in Figure 4.
The static response of the two frames, including shear and
axial effects, was analyzed by a computer code using the stiffness method of matrix structural analysis . The stiffness method
can be readily adapted to account for shear deformations
and effects of axial loads as described in texts such as Ghali
and Neville (/6). Shear deformation effects are often included
in the analysis of shear wall structures and should always be
included in the analysis of FRP structures.
Plots of the deflected shapes are shown in Figure 5, and
distributions of bending moments are shown in Figure 6.
Numerical data for significant points on the frames are given
in Table 4. The loading was fairly light yielding girder maximum deflection ratios from L/375 to L/323. Shear deformation increased maximum deflection by approximately 45
percent. Redistribution of the bending moments is seen to be
especially significant in the columns where changes of 70 percent at Support A occur when shear deformation effects are
included . Redistribution of shear forces in the columns is also
seen.
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FIGURE 6 Bending moments in portal frame.

FIGURE 4 FRP portal frame dimensions and loading.
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FIGURE 5 Deflection of portal frame.

DISCUSSION OF RES UL TS
The experimentally determined values presented here for the
section flexural modulus and the section shear modulus are
valid only for the pultruded FRP beams considered in this
investigation. It is felt, however, that these moduli should be
obtained for all standard pultruded FRP beams by the methodology described and should be reported by manufacturers
in their technical data. As in the case of currently reported
section flexural moduli, it is likely that average or minimum
values of the section shear modulus will be reported for whole
classes of structural elements. The experimental methodology
is especially easy to implement and does not require particularly sophisticated loading or measuring devices. If the beams
are tested in the Llr range of 10 to 30, the methodology
produces reliable data (confirmed by the linear regression
correlation coefficients). The proposed procedure for characterizing the stiffness properties of pultruded FRP beams
enables designers to use a shear deformation beam theory
without having to resort to costly characterization of the anisotropic material. The theory is felt to be appropriate for
structural engineers and can easily be incorporated into existing stiffness matrix analysis computer codes as demonstrated
in the rigid frame example.

The design of pultruded FRP beams for strength considerations is a separate topic and has not been addressed in this
paper. Basic research is needed to gain a fundamental understanding of local buckling and crippling failure mechanisms
in pultruded FRP beams. For local buckling analysis of the
flanges and the webs of pultruded FRP beams, stiffness and
strength properties of the FRP material in these parts of the
cross section need to be obtained from coupon tests . Although
the section shear modulus characterization proposed in this
paper is useful for beam deflection calculations, in-plane
material shear modulus values are still needed for local buckling calculations (5). An experimental program, using the
Iosipescu shear test fixture, was conducted to obtain in-plane
shear modulus values for the same beams that were tested in
full-size bending in this paper. Results of this investigation
are reported by Bank (15). The response of pultruded FRP
beams to long-term loads , cyclic loads, and thermal and chemical environments all need to be further investigated to gain
a level of understanding that will give structural engineers
confidence in the material. The subject of connections in pultruded FRP structures has not been addressed in this paper.
In the frame example, the rigid column/girder connection will
need to be designed to provide the necessary moment carrying
capacity. Currently, pultruded FRP nuts and threaded rods
are available for this purpose . Connection details usually follow those used in steel construction. Research is needed on
the performance of mechanical connections in full-scale FRP
structures.
As mentioned in the introduction, this paper has focused
on standard pultruded FRP beams , in particular, on the land wide flange beams . These beams have a symmetrical cross
section. It may well be that for strength and stability considerations pultruded FRP beams should have unsymmetrical
cross sections, that is, thicker compression flanges to resist
local buckling. In this case the trade-off between enhanced
performance and designer confusion will have to be evaluated.
CONCLUSION
The analysis and design of pultruded FRP beams, including
the effects of shear deformation, can be accomplished for civil
engineering design purposes with the aid of a new material/
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structural stiffness property called the beam section shear
modulus. This stiffness property can be obtained for standard
pultruded beams using a test methodology that simultaneously
gives the beam section flexural modulus. Results of tests using
the methodology have been presented. Using these stiffness
properties designers can realistically account for the effects
of shear deformation in FRP beam structures. Because a large
majority of pultruded FRP beams will be designed for serviceability requirements and will have short spans because of
the relatively low stiffness of pultruded FRP beams, the need
to account for shear effects is all the more critical if effective
use of the material is to be accomplished.
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