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damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

Si
au

liu
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
7:

05
 1

7 
Fe

br
ua

ry
 2

01
3 



Adv. Composite Mater., Vol. 11, No. 2, pp. 151–169 (2002)
Ó VSP 2002.
Also available online - www.vsppub.com

Finite element analysis of FRP tube assemblies for bridge
decks

YUELIN SHEN 1, MINJIE XU 1, K. CHANDRASHEKHARA 1;¤

and ANTONIO NANNI 2

1 Department of Mechanical and Aerospace Engineering and Engineering Mechanics, University of
Missouri-Rolla, Rolla, MO 65409, USA

2 Department of Civil Engineering, Center for InfrastructureEngineering Studies, University of
Missouri-Rolla, Rolla, MO 65409, USA

Received 31 October 2001; accepted 17 April 2002

Abstract—Fiber reinforced polymer (FRP) composite materials have many advantages over tradi-
tional building materials. They are becoming more and more popular in civil engineeringapplications.
FRP pultruded tubes are easy to fabricate and can be easily assembled for different applications. In
this paper, FRP tube assemblies of variable size, � ber material, tube wall thickness, and different in-
stallation are studied using � nite element analysis. The de� ection and stress distributionare listed for
each case. When compared to experimental results, the numerical analysis shows good correlation.
Data gained in this study can be used for design and optimization of FRP tube assemblies for bridge
deck construction and similar applications in civil engineering.

Keywords: Bridge deck; composite materials; � ber reinforced polymer (FRP); � nite element analysis;
pultrusion; tube assembly.

1. INTRODUCTION

Fiber reinforced polymer (FRP) composite materials have many advantages over
traditional construction materials such as steel and reinforced concrete. These
advantages include lightweight, resistance to environmental damage, long life,
automated fabrication and rapid installation. FRP composites are gaining more and
more popularity in construction. They have been used in demonstration projects to
build bridges and residential buildings [1, 2] and have been the focus of studies
in designing and manufacturing [3–5]. Compared with other FRP fabrication
methods, the pultrusion process is fast and suitable for large-scale production. In

¤To whom correspondence should be addressed.
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152 Y. Shen et al.

particular, pultruded FRP tubes are easy to assemble to form a structural subsystem
for civil engineering applications.

Two most widely used reinforcements in FRP are carbon � ber and glass � ber.
Carbon � ber reinforced polymer (CFRP) composites are much stiffer than glass
� ber reinforced polymer (GFRP) composites, but CFRP composites are also
more expensive. The material properties as well as the cost must be taken into
consideration for use of FRP in construction. It is pro� table to use both GFRP and
CFRP tubes in the tube assembly to meet certain stiffness requirements that cannot
be satis� ed by using GFRP only. This is the philosophy adopted in the designing of
the tube assembly in this paper.

Finite element analysis (FEA) has been successfully used to study the de� ection
and stress distributions of a loaded structure [6, 7]. In this paper, FRP tube
assemblies of variable con� gurations are analyzed. These con� gurations include
geometry, � ber material, tube layout pattern, and installation. The results can be
used to optimize the design of FRP bridge decks and similar structures. ABAQUS
commercial � nite element analysis code is used for the numerical analysis. Three
case studies are investigated to compare the results from ABAQUS with the results
from analytical studies and experiments. The modeling is discussed and the results
for different tube assemblies are presented. Finally, a case study of a four-layer
bridge deck is conducted to demonstrate the practicality of this work.

The relevance of this paper is in the numerical validation and interpretation of the
experimental results obtained from the � exural tests conducted in the laboratory. In
particular, FEA allows the engineer to predict the performance of complex built-
up members and identify the critical regions. Ultimately, FEA becomes one of the
necessary tools in the design process for structural optimization.

2. ANALYSIS OF FRP TUBES

ABAQUS � nite element code can be used in various areas such as solid mechanics,
heat transfer, and � uid mechanics, and is suitable for the analysis of composite
structures. Before complex tube assemblies are analyzed, the available results from
literature are used to validate the ABAQUS � nite element model. In this study, shell
element S4R [8] is used. It is a general-purpose 4-node shell element using reduced
integration. Since transverse shear effect has been considered in this element, it can
be used to model both thin and thick structures.

2.1. Cantilever box beam bending

Several studies have been made on the composite box beam [9–11]. The composite
cantilever beam with set up shown in Fig. 1 was given as an example in Bank et al.
[9] and is chosen to verify the results from ABAQUS.

A 39.370 in (1000 mm) long cantilever box beam is loaded at its free end by a
concentrated force of 22.47 lb (100 N). The composite tube, with wall thickness

D
ow

nl
oa

de
d 

by
 [

Si
au

liu
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
7:

05
 1

7 
Fe

br
ua

ry
 2

01
3 



Finite element analysis of FRP tube assemblies for bridge decks 153

Figure 1. Geometry of cantilever beam.

Table 1.
De� ection of the cantilever box beam at the free end

Cross-section De� ection (in) [9] De� ection (in)
using ABAQUS

b D 3:94 in, h D 0:98 in 0.2375 0.2372
b D 0:98 in, h D 3:94 in 0.0278 0.0275

Note: 1 in D 25.4 mm.

t D 0:039 in (1 mm), has a rectangular cross-section. Two different cases are
compared, one with b D 3:937 in (100 mm), h D 0:984 in (25 mm) and the other
with b D 0:984 in (25 mm), h D 3:937 in (100 mm). The material is graphite/ epoxy
T300/5208. Its properties are EL D 26 245 psi (181.0 GPa), ET D 1885 psi
(13.0 GPa), ºLT D 0:28; GLT D 1040 psi (7.17 GPa) (L represents the � ber direction
and T represents the transverse direction). The FEA results are compared with
analytical solutions of Bank et al. [9] and are listed in Table 1. The correlation is
very good.

2.2. Bending of a single tube

A simply supported FRP tube subjected to bending is analyzed and compared with
an experiment. The test setup is shown in Fig. 2 with the following dimensions:
L D 96 in (2438 mm), l D 84 in (2133 mm), d D 12 in (304.8 mm), a D 3
in (76.2 mm), t D 0:25 in (6.35 mm). The tube material is glass / epoxy with
properties obtained from coupon tests: EL D 3500 psi (24.138 GPa), ET D 1200 psi
(8.276 GPa), ºLT D 0:26; GLT D 600 psi (4.138 GPa). These properties are used
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154 Y. Shen et al.

Figure 2. Single tube bending test model.

in the ABAQUS model. The � nite element results compared with the experimental
results are shown in Fig. 3.

Figure 3a shows the comparison of mid-span de� ection. The experimental curve
is an envelope obtained from cycles of loading and unloading. In the experiment,
the load increases quasi-statically. When the tube breaks, the load reaches 5200 lb
(23 140 N) and the maximum de� ection is 5.4 in (137.2 mm). The tube deforms
linearly throughout the loading history. The details of the experimental work have
been reported in our earlier study [12]. The straight bold line represents the result
from ABAQUS using linear static analysis. When the load is 5200 lb (23 140 N),
the de� ection is 5.0 in (127.0 mm). Figure 3b provides the comparison of the strain
measured at the bottom of the mid-span section. The � nal strain reaches 0.0113
in / in in the experiment and is in good agreement with the numerical results.
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Finite element analysis of FRP tube assemblies for bridge decks 155

(a) Load vs. de� ection

(b) Load vs. strain

Note: 1 in D 25.4 mm, 1 lb D 4.45 N

Figure 3. Single tube bending test results.
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156 Y. Shen et al.

3. ANALYSIS OF FRP TUBE ASSEMBLY

Two tubes glued together (Fig. 4) and an assembly of four layers of tubes glued
together (Fig. 5) are analyzed and the results are compared with the experiments.
The material properties and the geometry of the individual tube are those presented
in the previous section. For the numerical analysis, the tubes in the assemblies are
assumed to be perfectly bonded. Figure 6a is the comparison of load-de� ection
curve for the two-tube assembly. In the experiment, there is no apparent slip at
the glued interface and this con� rms the assumption of perfect bonding. The two-
tube assembly breaks at a section near the loading knife under a load of 14 000 lb
(62 300 N). Throughout the loading history, the assembly behaves linearly and the
load vs. de� ection curve is a straight line. Figure 6b is the comparison of strain
measured at the bottom of the mid-span section. The strain from the numerical
analysis has good correlation with the experimental value.

Figure 4. Two-tube assembly bending test model.
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Finite element analysis of FRP tube assemblies for bridge decks 157

Figure 7a compares FEA and experimental load–de� ection curves of the four-
layer tube assembly. In the experiment, the four-layer tube assembly deforms almost
linearly up to a load of approximately 12 000 lb (53 400 N). When the load exceeds
12 000 lb (53 400 N), the cross-section of the tubes in the third layer changes from

(a) Geometry of four-layer tube assembly

(b) Deformed shape

Note: 1 ft D 12 in, 1 in D 25.4 mm

Figure 5. Four-layer tube assembly bending test model.
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158 Y. Shen et al.

(a) Load vs. de� ection

(b) Load vs. strain

Note: 1 in D 25.4 mm, 1 lb D 4.45 N

Figure 6. Two-tube assembly bending results.
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Finite element analysis of FRP tube assemblies for bridge decks 159

(a) Load vs. de� ection

(b) Load vs. strain

Note: 1 in D 25.4 mm, 1 lb D 4.45 N

Figure 7. Displacements and strain for four-layer tube assembly.
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160 Y. Shen et al.

Table 2.
Comparison of de� ection and strain for different shear modulus

Single tube bending Four-layer tube assembly
(under 5200 lb) bending (under 20 000 lb)

De� ection Micro-strain De� ection Micro-strain
(in) (in/in) (in) (in/in)

GLM D 0:6 £ 106 (psi) 5.210 11 310 0.5856 2372
GLM D 0:06 £ 106 (psi) 6.447 12 570 1.093 2582
Change 23.7% 11.1% 86.6% 8.9%

Note: 1 in D 25.4 mm, 1 lb D 4.45 N, 1 psi D 6894.8 Pa.

square to diamond and the stiffness of the assembly deteriorates until the failure hap-
pens at the corners of the third layer tubes (shown in the circle in Fig. 5b). The linear
elastic FEA analysis loses signi� cance at the occurrence of the � rst non-linear event.

Figure 7b is the comparison of the strain measured at the bottom of the mid-
span section. When the load exceeds 12 000 lb (53 400 N), the strain still increases
linearly and the load vs. strain curve (Fig. 7a) remains a straight line even though
the de� ection is no longer linear. To learn more about this, two additional numerical
studies were conducted. They are single tube bending and four-layer tube assembly
bending with reduced shear stiffness (GLT) of 60 psi (0.414 GPa), which is 10%
of the initial GLT. To reduce the GLT is to simulate the effect of the deteriorated
corners of the third layer tubes which reduced the shear stiffness of the structure.
The results are listed in Table 2. For the single tube under a load of 5200 lb
(23 140 N), the de� ection increases 23.7%, while the strain at the bottom of the
mid-span section increases 11.1%. For the four-layer tube assembly under a load
of 20 000 lb (89 000 N), the de� ection increases 86.6%, while the strain at the
bottom of the mid-span section increases only 8.9%. It is clear that the de� ection
is more sensitive to shear stiffness deterioration while the strain at the bottom is
less affected. This satisfactorily explains the experimental results in Fig. 7a and b.
When the de� ection of the four-layer assembly is less than 0.36 in (9.144 mm), the
cross-section of the tubes in layer (3) has little change and no failure occurs at the
corners. Based on the experimental results and the additional numerical studies of
the 4-layer assembly, it is assumed that, for all assemblies reported in this paper, if
the ratio of mid-span de� ection over the span remains below 0.4% (de� ection / span
< 1/250), the behavior of the assemblies is linear.

Figure 8 shows the normal and shear stress distribution of the four-layer tube
assembly under the load of 12 000 lb (53 400 N). Figure 8a is the normal stress
along the vertical centerline of the mid-span section (Fig. 5b line A–A). Since shell
elements cannot provide the normal stress in the shell thickness direction, in this
� gure, there is no normal stress along the span direction for the vertical sides of
the tubes in layers (1) and (3). Actually, the normal stress in the tube wall normal
direction is small and can be ignored. Along Fig. 5b line A–A, the largest tensile
stress occurs at the bottom of layer (4). The largest compressive stress appears on
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Finite element analysis of FRP tube assemblies for bridge decks 161

(a) Normal stress through line A (Fig. 5b) (b) Shear stress through line B (Fig. 5b)

(c) Shear stress in layer 2 along the span

Note: 1 in D 25.4 mm, 1 psi D 6894.8 Pa

Figure 8. Stress distributionfor four-layer tube assembly under a load of 12 000 lb (44 500 N).

the top of the tubes in layer (2). This is because the tubes in layer (2) are oriented
with � ber direction parallel to the assembly span. The strength requirements can
be easily satis� ed for layer (2) and layer (4); that is, failure is not controlled by
them. Layer (1) is subject to compression failure when the load increases because
the tubes are oriented in the transverse direction. Near the loading area, except the
tubes in layer (1), tubes experience a stress reverse; i.e. the upper part of the tube
is under compression while the lower part is under tension. It is expected that the
tubes in layers (3) and (4) should only have tensile stress and the tubes in layers (1)
and (2) should only have compressive stress. The cross phenomenon is caused by
the composite materials used in the assembly and the complexity of the structure.
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162 Y. Shen et al.

When an isotropic elastic material is used, this phenomenon disappears. Away from
the loading area, the stress is smaller and its distribution is in agreement with the
expectation.

The shear stress distribution along layer (2) in the span direction is shown in
Fig. 8c. The largest shear stress occurs near the mid-span (Fig. 5 line B–B). The
shear stress distribution at this section along the thickness direction (Fig. 5 line
B–B) is shown in Fig. 5b; it reaches its maximum at the top of layer (3). In the
experiment, the shear stress does not seem to cause any failure at the glued interface
between layers (2) and (3), but it causes a large shear deformation for the tubes in
layer (3) when the ratio of de� ection over span exceeds 0.4%.

After these case studies, a conclusion can be drawn that the results from ABAQUS
for the tube assembly analysis are accurate when the tube assembly behaves as a
linear elastic structure. The threshold of linearity is at a ratio of the de� ection over
span less than 0.4 (de� ection / span < 1/250).

4. ANALYSIS OF FRP BRIDGE DECK

4.1. FRP tube assembly geometry and applied load

Figure 9 is a FRP bridge deck load model. The deck has a width of W.288 in
or 7315 mm) to accommodate two lanes. The height H is 12 in (305 mm). The

Figure 9. Bridge deck load model. Note: 1 ft D 12 in.
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Finite element analysis of FRP tube assemblies for bridge decks 163

(a) Geometry of bridge deck assembly (b) Tube layout pattern
for layers (2) and (4)

Figure 10. Bridge deck assembly model.

span is chosen from 96 in (2438 mm), 144 in (3658 mm) or 192 in (4877 mm).
The assembly has four layers with layer (1) and (3) (counting from top) oriented in
the transverse direction and layers (2) and (4) oriented in the width direction. The
truck is an HS20-44 standard truck [13]. The severe load condition happens when
two wheels are at the mid-span since the speci� ed span, S, is no more than 192 in
(4877 mm). The load from each wheel is distributed to an area of 24 in £ 12 in
(609.6 mm £ 304.8 mm). A load of 10 000 lb (44 500 N) over each loading area
is applied to get the reference de� ection and stresses. Under real conditions, the
de� ection and stresses can be obtained from linearity. For example, if the load is
20 000 lb (89 000 N) for each wheel, the de� ection and stresses can be obtained by
doubling the de� ection and stresses from the reference case. When doing this, the
threshold for the linear stage must be satis� ed. The ratio of de� ection over span
must be less than 0.4 (de� ection / span < 1/250).

To simplify the ABAQUS model, the deck in Fig. 9 is subdivided into four
parts and only one part is analyzed (Fig. 10). By analyzing a quarter portion of
the structure with ¼ of the total load at the center, the de� ection and stresses
for the whole deck under maximum load condition can be obtained with good
approximation. The FEA model is shown in Fig. 11. The symmetry in width and
span direction of the analyzed part is used.

4.2. Tube size and FRP material

With reference to Fig. 2, the dimensions of the tubes used in this study are: a D 3 in
(76.2 mm), t D 0:25 in (6.35 mm) and a D 6 in (152.4 mm), t D 0:5 in (12.7 mm).
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164 Y. Shen et al.

Figure 11. Bridge deck assembly ABAQUS model.

Table 3.
Mechanical properties for GFRP and CFRP used in the assemblies

EL (106 psi) ET (106 psi) GLT (106 psi) ºLT

GFRP 4.35 1.2 0.6 0.26
CFRP 11.05 1.3 1.0 0.3

Note: 1 psi D 6894.8 Pa.

With regards to materials, both GFRP and CFRP are considered. The properties for
the GFRP and CFRP tubes used in the assemblies are listed in Table 3.

A four-layer assembly is investigated. Layers (1) and (3) consist of GFRP tubes.
The combination of GFRP and CFRP tubes is varied only in layers (2) and (4),
where the � ber direction is parallel to the deck span. Four patterns are shown in
Fig. 10. Pattern (1) is one CFRP tube by one GFRP tube. Pattern (2) is two CFRP
tubes by one GFRP tube. The other two patterns are all GFRP or CFRP.

4.3. De�ection and stress

To obtain meaningful de� ection and stresses, it is required that the structure
performs in the linear range. A worst case scenario consists of only GFRP tubes
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Finite element analysis of FRP tube assemblies for bridge decks 165

Table 4.
De� ection of tube assemblies under a patch load of 10 000 lb (44 500 N)

Span S Width W=4 Tube Wall Boundary Fiber De� ection
(ft) (ft) size a thickness t condition material (10¡3 in)

(in) (in)

8 6 3 0.25 simply glass 64.302
supported carbon 36.039

mixed1 47.344
mixed2 45.131

clamped glass 34.735
carbon 18.997
mixed1 25.854
mixed2 24.589

12 6 3 0.25 simply glass 147.7
supported carbon 75.909

mixed1 100.3
mixed2 95.073

clamped glass 68.668
carbon 38.506
mixed1 50.835
mixed2 48.338

6 0.5 simply glass 36.206
supported carbon 20.588

mixed1 26.805
mixed2 25.484

clamped glass 17.620
carbon 8.9913
mixed1 12.234
mixed2 11.547

16 6 6 0.5 simply glass 61.461
supported carbon 34.252

mixed1 44.376
mixed2 42.175

clamped glass 31.164
carbon 16.998
mixed1 22.600
mixed2 21.403

Note: 1 ft D 12 in, 1 in D 25.4 mm.

with W D 144 in (3657 mm), S D 72 in (1828 mm), a D 3 in (76.2 mm), t D 0:25
in (6.35 mm), is chosen to check the requirement, since its ratio of de� ection over
span is the largest among all the cases discussed herein. The ratio is 0.1477 in /144
in (3.752 mm/3657.5 mm) D 0.1 much less than the threshold 0.4 when the applied
load is 10 000 lb (44 500 N). Thus, all the assemblies are assumed to perform in the
linear range when the load is less than 40 000 lb (178 000 N).
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166 Y. Shen et al.

4.3.1. De�ection. To learn the behavior of the assembly of different con� gura-
tion, a parametric study is conducted. The assembly varies with three span val-
ues; two tube sizes and two thickness values and is subject to simply supported or
clamped boundary condition. The de� ection for each case is listed in Table 4. For
a speci� c assembly, the de� ection from the simply supported boundary condition is
about twice the de� ection from the clamped boundary condition. This shows that
the installation of the assembly has a large effect on its stiffness. The de� ection
from CFRP tube assembly is half of the de� ection from GFRP tube assembly of the
same size and boundary condition. When the GFRP tube assembly cannot satisfy
the stiffness requirement, a CFRP tube assembly can be considered. When both
GFRP and CFRP tubes are used in the assembly, the two mixed patterns give ap-
proximately the same de� ection, which is much less than using GFRP tubes alone.
When the GFRP tube assembly cannot satisfy the stiffness requirement, mixed tube
assembly of GFRP and CFRP tubes is an option.

4.3.2. Stress distribution. A typical tube assembly with the mixed (1) pattern
is selected to show the stress distribution under a load of 10 000 lb (44 500 N).
Figures 12a and b are the tensile and compressive stresses through the thickness of
the tube assembly at the mid-span section. Figure 12a is taken from the position
shown in Fig. 11, line A. The tubes in layers (2) and (4) at this position are GFRP
tubes. The largest tensile stress, 420 psi (2.897 MPa), occurs at the bottom of the
mid-span section. The largest compressive stress, 330 psi (2.276 MPa), occurs at
the top of the layer (2) tubes. The largest compressive stress in the tubes oriented
in width direction, 200 psi (1.379 MPa), occurs at the top of layer (1). Figure 12b
is taken from the position shown in Fig. 11, line B. Tubes in layers (2) and (4)
at this position are CFRP tubes. The largest tensile stress, 1300 psi (8.966 MPa),
happens at the bottom of the assembly in the mid-span. The largest compressive
stress, 950 psi (6.552 MPa), occurs at the top of the layer (2) tubes. The maximum
stress in CFRP tubes is about three times that of the maximum stress in GFRP tubes
in the span direction. This is reasonable since the Young’s modulus of CFRP is
about three times that of GFRP in the � ber direction.

Along the span direction, the shear stress variation is similar to Fig. 8c. In Fig. 11,
line C, shear stress reaches its maximum. Figure 12c is the shear stress through
the thickness along this line. The largest shear stress happens at the interface of
layer (2) and layer (3) and is 140 psi (0.965 MPa). Shear stress is important when
designing the assembly approach. For example, if glue is used to assemble all the
tubes together, the glued interface should be tested to see if it is strong enough to
withstand the shear stress.

5. FRP BRIDGE DECK DESIGN CONSIDERATIONS

An example is given to show how to use the data in Table 3 when designing a
FRP bridge deck. The span of the deck is 144 in (3657 mm). The width is 288 in
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(a) Normal stress through line A (b) Normal stress through line B

(c) Shear stress through line C

Note: 1 in D 25.4 mm, 1 psi D 6894.8 Pa

Figure 12. Stress distribution for bridge deck assembly.

(7315 mm); thus the deck can hold two lanes. According to AASHTO standards, the
possible maximum load for one wheel of an HS20-44 truck is 16 000 lb (71 120 N),
with 1.3 as the impact factor; one patch load on the deck is 20 800 lb (92 456 N).
If the deck is simply supported, the tube has a D 3 in (76.2 mm), t D 0:25 in
(6.35 mm), the material is GFRP. From the table, de� ection for this con� guration
under the load of 10 000 lb (44 450 N) can be obtained. The de� ection is 0.1477 in
(3.75 mm). Multiplying 0.1477 by 2.08 (20 800 lb /10 000 lb (92 456 N/44 450 N)
D 2.08), the de� ection is 0.307 in (7.80 mm). The ratio of de� ection over span
is 0.21% (0.307 in /144 in (7.80 mm/3657.5 mm) D 0.00213). AASHTO standard
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requires that the ratio of de� ection over span for highway bridges be less than 1/800
(0.13%). Thus, the deck assembled by GFRP under the simply supported condition
cannot satisfy the de� ection requirement. If the deck is clamped at both ends, the
ratio of de� ection over span is 0.1%, which is less than 1/800 (0.13%). If the deck
is assembled using both GFRP and CFRP tubes as mixed (1) pattern and is clamped
at both ends, the ratio of de� ection over span is 0.07%, which is much less than
1/800 (0.13%). Tubes with a D 6 in (152.4 mm), t D 0:5 in (12.7 mm) can also be
used here and the deck will be much stiffer than AASHTO standard requirement.

6. CONCLUSIONS

In this paper, the de� ection and stress distribution for FRP tube assemblies of
variable size, � ber material, tube wall thickness, and installation are studied.
Numerical analysis shows that the strength requirement for FRP composites can be
easily satis� ed when the FRP assembly is used as a bridge deck. Attention should
be paid to the stiffness and interface shear strength requirement. The choice of tube
materials for the assembly has a large effect on its stiffness. It is advantageous to
use both FEA and experimental method in the designing process.

The numerical work described in this paper was key to selection of the assembly
architecture to be used in a demonstration project. Through the interpretation
of the experimental results using FEA, it was possible to model and predict the
performance of the full-size system under � eld loads.
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