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Influence of Bracing on Buckling Strength of Pultruded Glass
Fiber Reinforced Polymer Frames
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Abstract — A numerical study of the influence of structural
bracing on the buckling strength of pultruded Glass Fiber
Reinforced Polymer (GFRP) frames is presented. Although the
influence of bracing on frames made from other materials such as
steel have been studied in the past, this paper investigates the
performance of pultruded GFRP portal frames with pinned or
fixed column bases. Each frame is constructed with pultruded
GFRP I-section members. The influence of I-section column
major and minor axis orientation is also investigated. The results
demonstrate the practical significance of bracing pultruded
GFRP frames. The results show that the buckling loads for braced
frames are seven to nine times greater than those for unbraced
frames when the column bases are pinned. The corresponding
gain in the buckling load capacity due to the addition of bracing
is more than three times if the column bases are fixed.
Index Terms — Bracing, Buckling, Fiber Reinforced, Frams.

on pultruded GFRP portal frame buckling load capacity. In
addition, the effect of column cross-sectional major and minor
axis orientation on frame buckling load is identified.

II. UNBRACED AND BRACED PORTAL FRAMES
Figure 1 shows four different cases of both unbraced and
braced portal frame problems investigated in this paper with
either pinned or fixed boundary conditions at the base. Each
frame is subjected to a pair of gradually increasing vertical
loads (P, P) applied at the column top ends until buckling
occurs at P = Pcr. In this figure, Case 1 represents an unbraced
frame ABCD with pinned boundaries at A and D. Case 2 is
identical to Case 1, however, it has an X-brace. Cases 3 and 4
are similar to Cases 1 and 2 except that their bottom ends are
fixed.

I. INTRODUCTION1
Pultruded glass fiber reinforced polymer (GFRP)
rectangular frames are susceptible to nonsway and sway
buckling when subjected to gradually increasing vertical joint
loads. Minghini et al [1] conducted buckling analysis of FRP
pultruded frames using locking free finite elements approach.
In another study [2], they studied buckling of frames with semirigid connections. The classical theory of frame buckling can
be found in References 3 and 4. Furthermore, Reference 5
provides guidelines for buckling analysis of pultruded FRP
structural members. Reference 6 uses a pair of nomograms for
frame buckling analysis for columns which is based on end
restraint factors known as 𝐺𝐴 and 𝐺𝐵 factors. The underlying
theory and derivation for these factors can be found in
Reference 4. Yu et al [7] presented a review of the influence of
various types of structural bracing on the structural
performance of steel frames. Mottram [8] presented the
stability analysis of plane frames of fiber reinforced polymer
with semi-rigid joints and shear-flexible members. Mottram [9]
also presented an analysis for pitched portal frames of fiber
reinforced polymer. The authors have previously published
stability and buckling studies of GFRP beams and columns
[10], [11]. Although the influence of bracing on frames made
from other materials such as steel have been studied in the past
[4], the focus of the present paper is on studying the influence
of bracing as well as column bottom-end boundary conditions
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Fig. 1. Unbraced and braced frames with columns either pinned or fixed at
the base.
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III. BASIS OF GFRP FRAME BUCKLING ANALYSIS
In this paper, the classic Euler theory [3], [4] combined with
end restraint factors is used, that is, based on the following
expressions:
𝑃𝑐𝑟 =

𝜋2 𝐸𝐼𝑐
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In Equations 2 and 3, 𝐺𝐴 and 𝐺𝐵 are the respective restraint
factors at ends A and B for the column AB in each of the frames
shown in Figure 1. The end restraint factors can readily be
computed by substituting the lengths and moment of inertias of
the columns and the connecting beam into Equations 2 and 3.
The other terms in the above equations are defined as follows:
𝑃𝑐𝑟 = Frame buckling load, kips,
𝐸 = Young’s modulus of elasticity, ksi,
𝐼𝑐 = Moment of inertia of each column, in4,
𝐿𝑐 = Colum length, ft,
𝐼𝑏 = Beam moment of inertia, in4,
𝐿𝑏 = Beam Length, ft, and
𝐾 = Effective length factor.
The effective length factor, K, can be found iteratively using
Equations 4 and 5, respectively, for braced and unbraced
frames [4]:
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2. When the beam is twice the length of each column, the
presence of bracing (Frame Case 2b) results in about 6.8 times
the buckling load compared with that for the frame without
bracing (Frame Case 1b) if the column bases are pinned. The
corresponding increase in the buckling load is about 3.2 times
when the column bases are fixed (Frame Case 4b versus Case
3b).
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Alternatively, using 𝐺𝐴 and 𝐺𝐵 factors, the 𝐾 factor for a
given column such as column AB can be found using the
alignment charts given in Reference 6. Lastly, the frame
buckling load 𝑃𝑐𝑟 can be found using Equation 1.
Table 1 presents the summary of the results for elastic
buckling for Frames numbered 1a through 4a when both the
beam and column lengths are equal. Also, results are presented
in this table for Frames numbered 1b through 4b when the beam
length is twice the column length. Specifically, Frames 1a
through 4a have the following input properties: 𝐿𝑏 = 𝐿𝐶 = 12
ft.; 𝐼𝑐 = 𝐼𝑦 = 42.74 in4; 𝐼𝑏 = 143.48 in4; and 𝐸 = 3000 ksi. For
Frames 1b through 4b, 𝐿𝑏 = 2𝐿𝐶 = 24 ft., and the other
properties remain unchanged. Based on the results in this table,
the following observations are made:
1. When the columns and beams are of the same length, the
presence of bracing (Frame Case 2a) results in more than seven
times the buckling load compared with that for the frame
without bracing (Frame Case 1a) if the column bases are
pinned. The corresponding increase in the buckling load is
about 3.5 times when the column bases are fixed (Frame Case
4a versus Frame Case 3a).
DOI: http://dx.doi.org/10.24018/ejers.2020.5.10.2144

Case 1a
Case 2b
Case 3a
Case 4a
Case 1b
Case 2b
Case 3b
Case 4b

TABLE 1: SUMMARY OF RESULTS WHEN 𝐼𝑐 = 𝐼𝑦
𝑳𝒃
𝑳𝒄
𝑮𝑨
𝐺𝐵
𝐾
(𝒇𝒕. )
(𝒇𝒕. )
12
12
∞
0.30
2.1
12
12
∞
0.30
0.78
12
12
0
0.30
1.05
12
12
0
0.30
0.57
24
12
∞
0.60
2.19
24
12
∞
0.60
0.84
24
12
0
0.60
1.08
24
12
0
0.60
0.60

𝑃𝑐𝑟
(kips.)
13.84
100.30
55.35
191.17
12.73
86.53
52.35
169.60

Table 2 presents the summary of the results for elastic
buckling for Frames numbered 1c through 4c, and Frames 1d
through 4d in a manner similar to those summarized in Table 1
except that in Table 2, 𝐼𝑐 is taken as 𝐼𝑥 = 127.06 in4. Based on
the results in Table 2, the following observations are made:
3. When the columns and beams are of the same length, the
presence of bracing (Frame Case 2c) results in more than nine
times the buckling load compared with that for the frame
without bracing (Frame Case 1c) if the column bases are
pinned. The corresponding increase in the buckling load is
about five times when the column bases are fixed (Frame Case
4c versus Frame Case 3c).
4. When the beam is twice the length of each column, the
presence of bracing (Frame Case 2d) results in about eight
times the buckling load compared with that for the frame
without bracing (Frame Case 1d) if the column bases are
pinned. The corresponding increase in the buckling load is
about 3.6 times when the column bases are fixed (Frame Case
4d versus Case 3d).

Frame
Case 1c
Case 2c
Case 3c
Case 4c
Case 1d
Case 2d
Case 3d
Case 4d

TABLE 2: SUMMARY OF RESULTS WHEN 𝐼𝑐 = 𝐼𝑥
𝑳𝒃
𝑳𝒄
𝑮𝑨
𝐺𝐵
𝐾
(𝒇𝒕. )
(𝒇𝒕. )
12
12
∞
0.89
2.30
12
12
∞
0.89
0.75
12
12
0
0.89
1.15
12
12
0
0.89
0.51
24
12
∞
1.78
2.60
24
12
∞
1.78
0.92
24
12
0
1.78
1.25
24
12
0
1.78
0.66

𝑃𝑐𝑟
(kips.)
34.30
322.54
137.19
697.53
26.84
214.84
116.11
146.50

IV. CONCLUSIONS
The study presented in this paper shows that the presence of
bracing can have a major influence on increasing the buckling
strength of a GFRP frame. The buckling loads for braced portal
frames are found to be seven to nine times greater than those
for unbraced portal frames when the column bases are pinned.
The corresponding gain in the buckling load capacity due to the
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addition of bracing is more than three-folds if the column bases
are fixed.
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