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Abstract: This study investigates the influence of fiber orientation and stacking sequence on the lateral-torsional buckling (LTB)
behavior of FRP I-beams. The assessment of LTB capacity of beams was conducted using a validated 3D numerical model that allows
for varying the stacking sequence and fiber orientation. Several stacking sequences are examined by varying the angles of the fibers.
Beams with unidirectional fiber laminates exhibited optimal LTB resistance when the flange fibers aligned with the longitudinal axis
(0°) and the web fibers inclined at 45°. Deviations from these angles led to a substantial reduction in LTB capacity. Stacking sequences
incorporating a combination of cross-ply and angle-ply layers demonstrated superior LTB performance compared to purely angle-ply
configurations. The study further explores the impact of fiber orientation on the required flange thickness to achieve a specific LTB
load. Results indicate that lower inclination angles in the flanges allow for thinner flange designs. These findings emphasize the
importance of optimizing fiber orientation and stacking sequence during the design of FRP beams to maximize their LTB resistance
and achieve efficient load-carrying capacity.
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1. INTRODUCTION
Fiber-reinforced polymer (FRP) beams have gained significant consideration in structural engineering applications over

the past few decades due to their advantageous properties. These superior properties include a high strength-to-weight
ratio, improved durability compared to traditional materials, and cost-efficiency in specific applications. However, their
relatively low stiffness compared to strength raises concerns about their stability under bending loads (Davalos and Qiao,
1997). One of the main stability concerns in FRP beams subjected to in-plane moment gradients is that the beam at a
particular level of loading may fail by deforming laterally and twisting simultaneously (Ascione et al., 2013; Davalos and
Qiao, 1997; Karthick et al., 2023; Liu, 2017; Qiao et al., 2002; Singh and Chawla, 2019). This phenomenon is known as
lateral-torsional buckling (LTB) or flexural-torsional buckling, and it is more susceptible in FRP beams since bending-
twisting coupling exists in many configurations of composite laminates.

When a wide flange (WF) I-beam is subjected to bending, deflection starts to occur as the applied loading increases. At
a certain point of increasing the load, an abrupt out-of-plane deflection occurs coupled with twisting of the cross-section
of the beam as shown in Figure 1. The sudden loss of stability, observed at the load point on the load-lateral deflection
curve, is known as the bifurcation load. At this load, the beam is deemed to have buckled laterally, owing to the effects
of LTB. This type of beam instability might develop while the beam’s material still behaves elastically or after the cross-
section material has partly or fully transformed to the plastic range of the stress-strain curve. In this presented study only
the elastic lateral torsional buckling is considered since the behavior of fiber-reinforced polymer, FRP I-beams are
assumed to follow Hooke’s law of elasticity.
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Fig. 1: Schematic of I-beam section before and after lateral-torsional buckling (adopted from (Galambos and Surovek,
2008))

Lateral torsional buckling commonly occurs at the maximum moment cross-section at mid-span for a simply supported
I-beam with a concentrated load at mid-span.Several researchers have proposed analytical and numerical solutions for
this problem since Timoshenko and Gere (1961) ((Timoshenko and Gere, 2012)) first presented their closed-form solution
based on solving the governing differential equations of the problem for a beam made of homogenous isotropic material.
Analytical solutions based on the strain-energy method for predicting the lateral-torsional buckling load for the case
of FRP WF I-beams are also proposed by a few researchers. Davalos et al. (Davalos and Qiao, 1997) presented an
analytical and experimental study on lateral-torsional and lateral-distortional buckling of WF FRP I-beams. Sapkas and
Kollar (Sapkas and Kollar, 2002) solved the critical moment of lateral-torsional buckling for various boundary conditions
and load cases and presented a closed-form solution for predicting the critical moment taking into account transverse
shear and restrained warping-induced shear deformations. In general, deriving closed-form solutions for LTB problems
is tedious and impossible in some cases. This led to an increase in numerical evaluation studies supported by validation
against experimental results. Further, the possibility of other types of buckling in FRP beams diverted the efforts in
research studies to cover the problem.

In general, buckling failure of FRP beams can include localized buckling within the material itself, global buckling due
to lateral bending, twisting, or bending in a large-scale way, and even buckling caused by the combination of local and
global instabilities. Research has dedicated significant effort to understanding how local buckling affects FRP beams with
various shapes (profiles) across their cross-sections (Correia et al., 2011; Estep, 2014; Liu and Harries, 2018). These
investigations have utilized a variety of methods, including experimental tests (Ganesan and Kumaran, 2018; E. D. S.
Vieira et al., 2018; J. D. Vieira et al., 2018) and analytical or simulation techniques (Ascione et al., 2013; Silva et al.,
2011). Similarly, global buckling has been extensively studied, with research examining buckling due to bending,
twisting, and lateral forces individually or combined. Literature research has covered various beam section types,
including I-beams, angled sections, rectangles, channels, and strips.
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Limited studies, however, have investigated the factors influencing the LTB phenomenon in FRP composite beams.
Mottram (1992) employed a combined experimental and numerical approach to validate theoretical predictions for LTB
in pultruded I-beams (Mottram, 1992). The study validated theoretical predictions for LTB in pultruded I-beams through
experiments, employing a finite difference method and thin-walled theory. It also demonstrated the adaptability of
classical isotropic theories to predict buckling loads in orthotropic composite beams. Mottram's early investigations
affirmed the conservatism of the capacity predictions based on the American design manual under certain testing
conditions (i.e. Mid-span point load at the centroid of the I-section beams). Barbero and Raftoyiannis (Barbero and
Raftoyiannis, 1994) studied lateral and torsional buckling of composite FRP I-beams using plate theory and including
bending-twisting coupling effects. Pandy et al. (1995) examined the effect of fiber orientation of pultruded I-beams by
using the Galerkin method to solve the equilibrium differential equations. The study concluded on optimum angles for
both web and flanges (Pandey et al., 1995). This study revealed that deviating from the unidirectional fiber orientation
inherent to the pultrusion process by introducing an angle in the web fibers can, in certain cases, significantly enhance
the buckling load capacity.

Thumrongvut and Seangatith (2011) investigated the lateral-torsional buckling behavior of pultruded FRP channel beams
under cantilever loading based on experimental tests on 26 specimens with varying unbraced lengths. The results revealed
two response categories based on linear elastic behavior and showed that the modified LFRD steel design equation
accurately predicts critical buckling moments for slender beams but overestimates them for shorter beams (Thumrongvut
and Seangatith, 2011). Liu et al. (2019) examined the combined effects of lateral-torsional buckling (LTB) and local
section distortion (LSD) on the flexural capacity of pultruded GFRP I-sections (Liu et al., 2019). An analytical model
using the energy method is proposed to predict critical LTB moments, considering the influence of LSD. The model is
validated through experiments and finite element analysis, demonstrating its accuracy for both LTB-dominated and LSD-
influenced sections. This approach provides a more refined prediction tool for GFRP I-beam design. Halim (2020)
presents closed-form analytical solutions for the critical buckling load of thin-walled, anisotropic composite cantilever
beams (rectangular and I-shaped) subjected to pure bending (Halim, 2020). The solutions are validated through finite
element analysis and existing theory, demonstrating their accuracy for various composite beam configurations.

Previous researches on LTB revealed that several factors can influence the critical LTB load of FRP beams, including
boundary conditions, loading type, cross-sectional geometry, slenderness ratio, and fiber orientation within the laminate
plies (Baylor, 2021; Zeinali et al., 2024). For instance, for a simply supported beam subjected to a concentrated load at
mid-span, the position of a concentrated load along the cross-section can significantly affect the LTB load. Similarly,
contribution of other factors to LTB, such as fiber orientation and stacking sequence, have not fully addressed in literature.
Limited research has investigated the influence of fiber orientation and laminate stacking sequence on the capacity of
FRP beams under lateral-torsional buckling (LTB). This study addresses this knowledge gap by employing a 3D
numerical model to identify optimal design angles for flange and web laminates in FRP I-beams and the differences
between various stacking sequences. After validating the model against existing tests in the literature, the model is utilized
to quantify the differential LTB load offered by various laminate configurations. The findings aim to serve as a reference,
highlighting the importance of considering fiber orientation and stacking sequence in optimizing the LTB performance
of FRP beams.

2. NUMERICAL MODEL FOR LATERAL TORSIONAL BUCKLING
A 3D finite element model is developed using ABAQUS (ABAQUS, Dassault Systémes, 2014) finite element software

to assess the influence of fiber orientation and stacking on the LTB of FRP I-beams. The problem conditions were selected
as simply supported beam with a concentrated load at mid-span. The model’s main purpose is to predict the critical load

at which lateral torsional buckling occur.
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3. MODEL PROPERTIES

The model is constructed to match existing two large-scale I-beams experiments (Davalos and Qiao, 1997). The simply
supported beam built in the model has a cross section with a flange width and web depth of 12 inches (304.8 mm) and a
span of 14.5 feet (4.42 m). The thickness of both the flange and the web is % inch (12.7 mm). Since the beams in
experiments are stiffened with a wooden stiffener at the mid-span cross-section, the model includes a stiffener at mid-
span as shown in Figure 2. The I-beam cross-section is composed of laminates for each of the two flanges and the web
in which a perfect bond exists between the top and bottom flanges and the web.

Fig. 2: Constructed 3D model for predicting the critical LTB load for FRP I-beams

The type of element selected for analysis of FRP beams in the developed model is SC8R continuum shell element from
ABAQUS library (ABAQUS, Dassault Systémes, 2014). The utilized mesh size is 3 inches (76mm) for the whole model
which yields 4 elements along the flange and 58 elements along the length of the beam. This mesh size is selected to
match and compare the model results with those of the finite model developed by Davalos et al. (Davalos and Qiao,
1997) using ANSYS. The wood stiffener at mid-span is modeled by 2 elements along its width and four elements along
its depth. Transverse shear through the laminate is considered in the ABAQUS model with one-point integration.
Material properties are assumed based on beams manufactured with glass fibers, and a polyester resin as shown in Table
1 (P. Sodan et al., 1998). Three materials are utilized in the model: GFRP laminates, continuous strand mats (CSM), and
wood. The model allows for selecting the layers of laminates and direction of fibers for both flange and web. This is
utilized to study three different types of stacking sequence of laminates in FRP I-beams. The angles of fiber orientations
in both flange and web can be varied in the model from 0 to 90° allowing to perform a parametric analysis on the effect
of fiber orientation on the LTB critical load.
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Table 1 Assumed material properties for ABAQUS model

Material | Assumedbehavior Densitylb /in3 | E11 | E22 | Poisson’s ratio v1i2 | G12 | G23 | G13
(ksi) | (ksi) (ksi) | (ksi) | (ksi)
GFRP Lamina 0.065 7000 | 2500 | 0.28 840 | 840 | 840
Wood Isotropic 0.0174 1400 | - - - - -
CSM Isotropic 0.11x10* 1160 | - - - - -
4. MODEL VALIDATION

The model is validated by simulating two experimental results presented by Davalos et al. (Davalos and Qiao,
1997) for pultruded simply-supported FRP I-beams subjected to a concentrated load at mid-span. The two
beams (B1 and B2) have stacking sequences consisting of continuous strand mats (CSM), and rovings of +/-
45 stitched fabrics (SF) as shown in Figure 3. The implemented stacking sequences for beams 1 and 2 are
[CSM/+45]; and [CSM/0/90),/(CSM/+45)3/(CSM/0/90).], respectively. The cross section of B1 and B2 is
identical in dimensions with a flange width and web depth of 12 inches (304.8 mm) and a span of 14.5 feet
(4.42 m). The thickness of both the flange and the web is 42 inch (12.7 mm) (Figure 3). Both beams are stiffened
with a wooden stiffener at the mid-span cross-section. A unit concentrated load is applied at the middle of the

top flange for analysis.
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Fig. 3: Adopted beams for validation of the developed ABAQUS model (Davalos and Qiao, 1997).
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Eigenvalue analyses were performed for the two reported experimental cases and bifurcation lateral-torsional buckling
load were compared with the reported finite element model and experimental results of Davalos et al. (Davalos and Qiao,
1997) in Table 2. The comparison shows an acceptable agreement between the two finite element models prediction for
critical buckling load. Both the numerical model presented in this study and Davalos’s model underestimate the buckling
load based on the experimental results. The developed model underestimates the critical load for B1 with an error of
around 20% for B1 and 13% for B2. Similarly, Davalos et al. (Davalos and Qiao, 1997) finite element model showed an
error of 26.36% and 26.66% for beam 1 and 2 respectively. This error can be partially attributed to the fact that the tested
beams had reduced unbraced length due to the configuration of the end supports (Davalos and Qiao, 1997). Figure 3
shows the meshed beam and the lateral torsional buckling mode for the two analyzed cross sections of beams 1 and
2.

Table 2 Validation of the developed model with Davalos’s numerical and experimental results

Beam No. MODELP,, (kips) Davalos’s MODEL P, (kips) Experiments P, (kips)
B1 24.56 22.88 31.07
B2 27.27 22.97 31.32

v oD Job-ladh  Abagus/Standard 6.12-3  Mon Aar 21 19:26:34 Eastern Daylight Time 2014 Y ODB: Job-l.adh  Abagus/Standard 6.12-3  Mon Apr 21 19:26:34 Eastern Daylight Time 2014

Sep: buckling
Mode i 2

Factor: 48/0008400

3-a) B1 buckling mode shape

foakin)

3-b) B1 buckling mode shape

Fig. 4: Shape of I-beam buckling modes as predicted by model for the two beams

5. MODEL VALIDATION

The finite element model developed using ABAQUS is then utilized to perform parametric studies on the lateral-torsional
buckling load of the same tested beams cross sections with varying fiber orientation angles and stacking sequences.
Several three laminate types are investigated in this study to be used for both the flanges and the web. All three studied
laminates are composed of unidirectional fibers. For the flange laminates the angle 0 is the rotation of the fiber with
respect to the axis along the beam longitudinal axis z in the x-z plane (flange plane-Figure 2). For the web laminates the
angle 0 represents rotation with respect to the longitudinal axis z in the z-y plane (web plane). In addition to these three
cases, an additional case was analyzed in which the required thickness for the flange is assessed based on a fixed critical
buckling load and with varying the angle of fibers.
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. Case 1

The first laminate is constructed with an angle-ply stacking sequence with continuous strand mats, CSM, in between
each pair of angle-ply layers, as [CSM/ £0];. For the first laminate stacking sequence of wide flange I-beam cross
section of [CSM/ £0]; , the variation of the unidirectional fiber is studied by varying 0 in the flange laminates and fixing
0 to be equal to 45° in the web laminate. Then, the angle 0 is varied in the web laminate and kept constant to 45° for the

flange laminates.

. Case 2

The second laminate is constructed Wg a combination of cross-ply, CSM, and angle-ply configuration as
[(CSM/0/90),/(CSM/£8)3/ (CSM/0/90),]. Similarly for the second case of laminate stacking sequence of
[(CSM/0/90),/(CSM/£8)3/(CSM/0/90),], the web angle is fixed to be constant with value of 45° while the flanges angle

is varied. Then the flanges angle is fixed to a value of 45° and the web angle is varied.

. Case 3

The third laminate type investigated in this parametric analysis is constructed of quasi-isotropic laminate and CSM
between each two layers. A quasi-isotropic laminate is made by layering individual plies in a specific way to achieve
similar strength and stiffness in all in-plane directions. For this case of quasi-isotropic laminates, a number of five angles
are selected to study the behavior of such laminates (15°, 30°, 45°, 60°, and 90°). The stacking sequence depends on the
angle between each two plies since the number of plies is related to the constant angle between them (6=n/n), where n
represents the number of plies. For instance, an angle of =45° between plies yield several 4 plies and CSM between each
two plies in the model. Thus, 6 plies are used for the full thickness of ' inch of the flange.

. Case 4

This study employed the critical lateral-torsional buckling load of [CSM/£0]7 laminates in both web and flanges
to assess the impact of flange fiber orientation on the required flange thickness for resisting LTB load. The critical
LTB load can be achieved for [CSM/+0]7 flange laminates with varying angles (30° to 75°) by adjusting the flange
thickness. This adjustment, however, necessitates an increase in the total number of plies required. This is critical in
highlighting the reduction in flange thickness that can be achieved based on selected fiber orientation.

6. RESULTS AND DISCUSSION

The analysis results on the different laminate cases show a significant variation in critical buckling load due to the change
in fiber orientation angles for each stacking sequence case. For the first case of parametric studies, Case 1 ( [CSM/ £0]7),
the results of varying 6 for the flanges while fixing the angle of web, and results of varying angle of web while flange is
fixed are shown in Figure 5. The results of the critical load are normalized based on the maximum buckling load, Pcrmax.
As demonstrated by the plotted results, it can be inferred that the optimum angle for the flange fibers is 0° along the
longitudinal axis of the beam. Similarly, for the web fiber orientation angle, the ideal angle for fiber orientation is 45°.
These angles yielded the highest critical buckling loads.
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The results show that the change of fiber orientation in flanges influences the resistance to LTB significantly. When the
angle in fiber orientation exceeds 30° along the longitudinal axis of the beam, a reduction in LTB capacity of more than
20% occurs. At degrees of 45° to 90°, the LTB capacity of the beam drops significantly to reach only about 60% of the

maximum capacity at 0° fiber orientation.
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Fig. 5: Fiber orientation effect on LTB load for [CSM/ £6]7 laminate (Case 1)

For Case 2, the results of varying 0 for the flanges while fixing the angle of the web, and results of varying the angle of
the web while the flange’s fiber orientation is fixed are shown in Figure 6. The results of the critical load are normalized
based on the maximum buckling load, Pemax. As revealed by the results, the optimum angle for the flange fibers is 0°
along the longitudinal axis of the beam as was in case 1. Similarly, for the web fiber orientation angle, the ideal angle for
fiber orientation is 45°. However, the results of the different stacking sequences in Case 2 showed a lower reduction in
the LTB capacity of I-beams compared to Case 1. When the angle in fiber orientation exceeds 45° along the longitudinal
axis of the beam, a reduction in LTB capacity of only around 20% follows (40% in Case 1) (Figure 6).
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Fig. 6: Fiber orientation effect on LTB load for [CSM/0/90),/(CSM/£8)3/(CSM/0/90),] laminate (Case 2)
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For Case 3, quasi-isotropic laminate, the angles selected for fiber orientations are 5 angles ranging from 15° to 90°. As
the angle is reduced between the plies, the number of plies increases for a quasi-isotropic laminate. This led to predicting
a maximum LTB load at an angle of 15°. The angles of 30° and 45° yielded similar LTB capacity, while the lowest value

at an angle of 90°.
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Fig. 7: Fiber orientation effect on LTB load for quasi-isotropic and CSM (Case 3)

For Case 4, Figure 7 shows the required flange thickness to yield a bifurcation lateral torsional load of 24.5 kips for
[CSM/£0]7 at four different angles (30°, 45°, 60°, 75°). As can be interpreted from the numerical generated results, the
required thickness to resist the fixed load increases as the angle of the fibers increases. When the angle of fibers is changed
from 30° to 75°, an increase of about 37.5% in thickness is required to resist the same load.
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Fig. 8: Effect of fiber orientation on minimum flange thickness for a given load (24.5kips) (Case 4)
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7. CONCLUSION

The influence of fiber orientation and stacking sequence on the lateral-torsional buckling (LTB) behavior of wide-flange

FRP I-beams has been examined in this study. A validated numerical model developed in ABAQUS was employed to

analyze a simply supported FRP beam subjected to a mid-span concentrated load. Three laminate stacking sequences

were evaluated in the analysis. The results of the study highlight the importance of considering fiber orientation and

stacking sequence for optimal LTB resistance in FRP beam design. The following conclusions can be drawn from the

results:

For beams laminates of CSM (Case 1), the optimum angles for fibers are 0° and 45° for the flange and web respec-
tively. When fiber orientation in the flanges deviates from the beam longitudinal axis the lateral-torsional buckling
load reduces up to about half its maximum value (beyond 45°). For the web, however, fiber orientation showed less
effect than the flanges with a maximum reduction in lateral-torsional buckling load of about 8%.

For variant stacking sequence (Case 2) [(CSM/0/90),/(CSM/£0)3/(CSM/0/90),], similar behavior to the CSM case
is generated. However, a lower reduction in LTB load is estimated since fewer varied orientation plies are used in
the flanges and web (compared to Case 1). Thus, the number of plies varied in fiber orientation controls the magni-
tude of the LTB load estimated.

For the case of quasi-isotropic laminates both the angle between the plies and the numberof plies is varied in the
four studied angles. As the angle between the plies increases and the number of layers decreases for a constant
laminate thickness, the LTB load decreases.

For beams with CSM laminates, a constant LTB (lateral-torsional buckling) load was used to determine the required
flange thickness by varying the fiber orientation angle (0). Lower inclination angles (0) of the fibers relative to the
beam's longitudinal axis resulted in a thinner flange requirement.

For FRP I-beams constructed with unidirectional fiber laminates, the fiber orientation in the plane of the beam’s
longitudinal axis shows remarkable effect on the lateral-torsional buckling load and should be considered in analysis
and design. Moreover, the behavior of different laminate stacking sequences shows that higher loads can be resisted

before buckling for beams with laminate that utilizes hybrid stacking sequence of cross-ply and angle-ply layers.
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