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Analysis of Mechanical Behavior for a Pultruded-Wound Hollow Rod of Unsaturated
Polyester Resin(UP) with Glass Fibers

Zoh-Gweon Kim" , Lin Ye"

ABSTRACT

Analysis of mechanical behavior for a pultruded-wound hollow rod is presented. For this purpose, the
pultruded-wound hollow rod is manufactured by the new winder attached to the conventional pultrusion system.
And the conventional pultrusion process is newly altered to manufacture pultruded-wound specimens. A computer
program, POSTII, is modified to perform this study. In the nonlinear finite element formulation, the updated
Lagrangian description method based on the second Piolar-Kirchhoff stress tensor and the Green strain tensor are
used. For the finite element modeling of the composite hollow rod, the eight-node degenerated shell element is
utilized. In order to estimate the failure, the maximum stress criterion is adopted to the averaged stress in the
each layer of the finite elements. As numerical examples, the behavior of glass/UP composite hollow rod is
investigated from the initial loading to the final collapse. Present finite element results considering stiffness
degradation and stress unload due to failure shows excellent agreement with experiments in the ultimate load,
failure and deformations.
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1. Introduction characteristics of composite structures. In order to predict the

accurate behavior of composite structures, the entire non-linear
Application of fiber reinforced composite materials in most  behavior must be analyzed. Recently, extensive research on
industries has caused interest in accurate prediction of the  the pultrusion is reported in the open literatures.
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Much of the work are confined to the unidirectional
composites and such a process has been taken for grated.
Price[l] analyzed first the thermortheological aspects of the
processing of epoxy-carbon fiber and polyester-glass fiber.
Sumerak[2] conducted the experiment on the pulling force,
the temperature and the resin pressure distribution inside the
die. Raper et al{3] developed a mathematical model based on
Darcy's law to obtain the pressure and velocity fields in a
pultrusion die. Batch[4] performed numerical calculation for
temperature force as well as

and pulling experiments

measuring temperature distribution. Sharma[5] developed a
more complete analysis of the pressure rise in the tapered
inlet region of the pultrusion die and employed the finite
element method to predict the pressure as a function of
al{6]
of the pultrusion processing for

various process . control parameters. Moschiar et
performed an analysis
thermosetting matrix composites. The development of pressure
in the die and the required pulling force are modeled and
Kim[7] performed the

entire postbuckling behavior of stiffened composite laminated

compared with experimental results.

cylindrical panels using the finite element method based on
the updated Lagrangian formulation. In this study, mechanical
behavior of pultruded-wound hollow rod of unasturated
polyester resin with glass fiber are analyzed and compared
with the experimental data. For experiments, various
pultruded-wound hollow rods are manufactured by the new
winder attached to the conventional pultrusion system. Also,

the analytic principle of the program is presented.

2. Nonlinear Finite Element Analysis

The present study utilizes the formulation of geometrically
nonlinear finite element procedures based on the updated
Lagrangian description with the second Piola-Kirchhoff stress
and Green Lagrangian strain, and the eight node degenerated
element for finite element

shell modeling of the

pultreded-wound rod structure. The updated Lagrangian
formulation describes equilibrium at a particular load step by
dint of a previously known equilibrium configuration. If
equilibrium is obtained at a certain load level, state variables

are updated for the initial values of the next configuration.

2.1 Formulation of the finite element equation

In order to model a shell element, the degenerated three

dimensional isoparametric solid element with independent
rotational and translational degrees of freedom is utilized.
Applying this element for the finite element formulation, two
shell

mid-surface remains straight and transverse normal stresses

basic assumptions: lines originally normal to the
remain zero are employed in the shell theory. The details of
shell

element can be referred to reference[8]. The final incremental

the finite element formulation by the degenerated
equation for an element is depicted by

(Kol + [Kal) {AaU=—{A P} )

[Kne]is
the nonlinear element stiffness matrix, {AU} is the vector of

where [Kp] is the linear element stiffness matrix,

nodal degrees of freedom, and {AP} is the incremental load.

Incremental displacement fields in an element are depicted as

Au du,
v ]= S e | do) |+E DLV, @
Aw "= dw, "~ .

where ¢ and ¢ are local coordinates in the element.

H,, t, and {4V, are shape function, thickness and
in ¢

respectively. The nodal displacements and rotation can be

increment of the vector -direction at nth node,
computed by assembling element stiffness matrix and force
vectors and by solving the incremental finite element equation
at each incremental load

step. Then corresponding state

variables can be obtained from nodal displacements and'
rotations. Since the incremental second Piola-Kirchhoff stress
has little physical meaning definitely, it should be converted
to the incremental Cauchy stress which provides the initial

stress of the next incremental load step as follows

U,}‘Z%l[—ﬁ F,'k Fﬂ( O‘,’,“i‘ AS,‘,‘) (3)

where o, is the Cauchy stress, A4S, is the incremental

second Piolar-Kirchoft stress, and [F] is the deformation

gradient found in reference[8].

2.2 Failure Model

The average stress in each direction of a layer is substituted
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into the maximum stress criterion and failure of each layer is
identified. The maximum stress criteria used in this failure
analysis are

0'{”> X7 O'{n< X
oy > Yr oF < Ye¢ @
T > S T < —S

where, X, Y and S are the strength in l-axis direction, in
2-axis direction, and shear strength in 1-2 plane, respectively.
the fiber

transverse direction, and T and C stand for tension and

Subscripts 1 and 2 mean direction and the
compression. If failure occurs and progresses, the stiffness of
the structure and the load to be carried remove. Complete
unloading model is utilized in this approach. This mode! is
the most conventional failure model, which can remove the

stiffness and the stress of failed layer completely.

3. Description of the problem

In this study, various pultruded-wound hollow rod is
analyzed. The axial fibers are indicated as @=0° and the
wound fibers are oriented in §==% ¢° as shown in Fig.1.

Models to be analyzed is shown in Table 2 by various
winding sequences. Engineering constants of glass/UP(made
by KCC Co.) for the present analysis are in Table 1. The
geometry and the dimensions of the hollow rod are also
shown and the dimensions

in Fig.1 are L=700mm, out

diameter=11.5mm, and inner diameter=4.5mm.

Table 1 Material Properties of KCC glass/UP composites matrrials

Property Symbol Value
Elastic modulus in for fiber direction E, 21.5 GPa
Elastic modulus in transverse direction E, E; 2.7 GPa
Shear moduli in 1-2, 1-3 and 2-3 planes | G5 G3Go3| 2.4 GPa
Major poisson's ration Vi 0.28
Tensile strength in fiber-direction X 620 MPa
Compressive strength in fiber-direction Xc 359 MPa
Tensile strength in transverse diction Yr 39.1 MPa
Compressive strength in transverse diction Yc 148 MPa
shear strength S 102.9 MPa

| L |
L=700, Out Diameter=11.5, Inner Diameter=4.5 (All Unitin mml)

Fig. 1 Geometry of typical specimen.

Table 2 Buckling load and postbuckling ultimate load for various
pultruded-wound hollow rods

o Tension Bending
Model | tent [ (M| PulV) | PeN) | P

CR' 125 CK' UL
TABA) | [0s]1 40067.78 | 4709.02 | 8929.53
TB(BB) | [902/06) 8112.45 | 3234525 | 4700.04 | 8412.34
TC(BC) | [02/90./0:17 | 8018.67 | 30945.76 | 4557.04 | 7589.62
TD(BD) | [0:/90./0,]r | 7414.00 | 29762.13 | 4713.04 | 8143.24
TE(BE) | [0s/90,1 7 7127.01 | 28313.02 | 4631.43 | 7633.79
TF(BF) | [452/05] 7 8200.13 | 34001.77 | 5964.44 | 8396.71
TG(BG) | [602/061+ 32101.48 | 6829.49 | 8106.25
TH(BH) | [305/061+ 32128.64 | 6001.68 | 7914.24
TYBY) | [0:/£45/05) 33915.14 | 6008.41 | 8283.29
TX(BX) | [0/+45/0511 37586.23 | 425332 [10723.43
TW(BW) | [0,/ £45/0,] 41403.88 | 4953.90 | 964838
TZBZ) | [0,/ £45/0,) ¢ 31473.99 | 7809.70 | 9515.00

4. Experiment

The specimens are manufactured by the system as shown in
Fig. 2.

conventional pultrusion system to give the various wound

In this case, the devised winder is attached to the
angles. The winder has a resin bath which has the special
squeeze bushings and appropriate guide apparatus for wetting
and forming the wound angle. The curing temperature is
controlled at 80°C in the first heated forming die and at 22
0C in the second heater. The pulling speed is controlled
600mm/min and the winder has the variable rotating speed to
give various wound angle. The tension and bending tests
were conducted to verify the finite element analysis of the
pultruded-wound hollow rod. Tensile test was performed in
ASTM D391694 & D 2105-90

specifications, and three-point bending test was performed

accordance  with
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according to ASTM D 4476-85. In the ftensile test, mild
steel tabs contoured to the shape of the hollow rod are used
to reduce the high transverse-compressive forces imparted to

the rod, thus overcoming the premature failure influenced by

fovi v Pesin bath Winder
oving racks Second heater

Heated die 4

—_— | 1
i
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\_Puller

Fig. 2 Schematic diagram of pultruded-wound system.
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Fig. 3 Load-deflection curves for hollow rod under bending.
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Fig. 4 Load-extension curves for hollow rod under tension.

the conventional method of gripping. In the bending test, the
loading nose with cylindrical surfaces is used in order to
avoid excessive indentation or failure due to stress
concentration directly under the loading nose. The radious of
the nose is 10mm for all specimen. The rod was loaded by
uniform displacement at both ends in tension, and at mid in
bending. The rod specimen was tested to failure so as to
determine the postbuckling behavior in static tension and
bending. A LVDT was used to measure the displacement for
tension and bending. As shown in Fig. 3 and 4, the bending
results of the finite element analysis is well consistent with
the experiment with difference of 0.2% in buckling load and
0.1% in

excellently consistent without difference in the postbuckling

postbuckling uitimate load. Tension result is
ultimate load. The small difference between experiment and
analysis at equilibrium path may be due to the initial slip,

misalignment and imperfect boundary condition.

5. Results and Discussion

5.1 Buckling behavior in tension

Table 2 shows the effect of winding angle and winding

location on the buckling load and the postbuckling uiltimate

Table 3 Normalized extensional stiffness for several rod elements

Normalized extensional stiffness(GPa), A*

Model

An A Az Ais Az Acs
TA(BA) 21.75 0.82 0.00 2.73 0.00 2.70
TB(BB) 16.99 0.82 0.00 7.48 0.00 2,70
TC(BC) 16.99 0.82 0.00 7.48 0.00 2.70
TD(BD) 16.99 0.82 0.00 7.48 0.00 2.70
TE(BE) 16.99 0.82 0.00 7.48 0.00 2.70
TF(BF) 18.62 1.57 1.19 436 1.19 345

TG(BG) | 17.62 1.38 0.70 5.73 1.36 3.26

TH(BH) | 19.99 1.38 1.36 3.36 0.70 3.26
TY(BY) | 18.62 1.57 0.00 4.36 0.00 345
TZ(BZ) 18.62 1.57 0.00 4.36 0.00 345

TWBW) | 18.62 1.57 0.00 4.36 0.00 3.45
TX(BX) 18.62 1.57 0.00 4.36 0.00 345

A’ = Alt
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load. Figure 5 indicates the effects of winding location on
the winding angle with 90°, and shows that TB, TC, TD and
TE were buckled. Table 3 shows that the smaller A, A
and the larger Ajs influence the buckling of TB,TC,TD, and
TE. Figure 6 shows the effects of various winding angle in
the outer layer of the rod, and shows that TB and TF were
buckled. Figure 7 shows the effects of winding angle with +
45° in the mid-layer of the>rod, and shows that any models
are not buckled. Table 3 shows that all values of A are
This

composite

equal. is because of the intrinsic characteristics of

material governed not by only one stiffness
component of the extensional stiffness matrix but coupling

action of various stiffness matrix.

5.2 Buckling behavior in bending

Figure 8 shows the effects of winding location on the
winding angle with 90°. Figure 9 shows the effects of various
winding angle in the outer layer of the rod and Figure 10
shows the effects of winding angle with +45° in the
mid-layer of the rod. All models were buckled once at least.
Figure 8 indicates that BA has the larger buckling load and
the larger bending stiffness D,;. However, comparing only Dy,
in table 5, the Dy of BA is 0.5% larger than the D); of BC

but the postbuckling ultimate load of BA is 29% larger than

Table 4 Normalized coupling stiffness for several rod elements

Normalized coupling stiffness(GPa), B*
Model
B Bz B2 Bis B Bes
TA(BA) 0.00 0.00 0.00 0.00 0.00 0.00
TB(BB) 3.57 0.00 0.00 -0.37 0.00 0.00
TC(BC) 1.19 0.00 0.00 -1.19 0.00 0.00
TD(BD) | -1.19 0.00 0.00 1.19 0.00 0.00
TE(BE) -3.57 0.00 0.00 3.57 0.00 0.00
TF(BF) 2.35 -0.56 -0.89 -1.22 -0.89 -0.56
TG(BG) 3.10 -0.42 -0.53 -2.25 -1.02 -0.42
TH(BH) 1.31 -0.42 -1.02 -0.47 -0.53 -0.42
TY(BY) 0.00 0.00 -0.15 0.00 -0.15 0.00
TZ(BZ) -0.78 0.19 -0.15 0.41 -0.15 0.19
TW(BW) | 0.78 -0.19 -0.15 -0.41 -0.15 -0.19
TX(BX) 1.56 -0.38 -0.15 -0.81 -0.15 -0.38
B* = 2Bi

BC. Hence it is thought to be affected not only by bending
stiffness matrix but by coupling action of various stiffness
matrix to increase the postbuckling ultimate load. BX has the
larger buckling load from Table 2 and Fig. 9. It shows a rise
of 45% over BA. In order to increase the buckling load, it is
necessary to choose the reasonable winding angle and the

winding location.

50000
TA—
— \
=
& B 0
TC Az
7,
25000+ 2N
Y
////
V-
pia
Y
#
Vi 4
T
o 5 10
u(mm)

Fig. 5 Load-extension curves for models wound at 90°,

5.3 Postbuckling behavior in tension

Figure 5 shows that the load carrying capacity of buckled
models increases linearly to the failure after buckling. TA has
the largest ultimate load and A, but it is confirmed from
Table 3 that the affected by

extensional stiffness matrix and coupling action of several

largest ultimate load is

stiffness matrix. Figure 6 shows that the load carrying

40000
TH
= \
&
- IF
20000 . T8
TG
T
0 6 12
u(mm)

Fig. 6 Load-extension curves for models wound at various angles,
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capacity of all models increases linearly to the failure without
buckling and that all equilibrium path is affected by various
angle of the outer layer. TG has the largest ultimate load but
a decrease of 15% over TA. Figure 7 shows that all models
has nearly no additional load carrying capacity after failure.
TW has the largest ultimate load and a rise of 3.3% over
TA. TW shows a rise of 3.3% in ultimate load and a rise of
29% in elongation over TA. The increase of ultimate load is
also affected by extensional stiffness matrix and coupling
action of various stiffness matrix.

5.4 Postbuckling behavior in bending

Figure 8 indicates that all models are buckled once at least
and they have nearly no additional load carrying capacity
after failure. BC shows that a burst deformation occurs after
the second buckling. BA shows the larger postbuckling
ultimate load and the larger Dy1. But, Figure 8 and table 5
show that the larger postbuckling ‘load is determined by
bending stiffness matrix and by coupling action of several
seiffness matrix. Figure 9 shows that most models are also
buckled once at least, and that the angle variance of the
outer layer affects the postbuckling ultimate load but that
bending stiffness matrix does not affect it directly. Figure 10

shows that BX has the larger postbuckling load and some

Table 5 Normalized bending stiffness for several rod elements
Model Normalized bending stiffness(GPa), D*
D Di» Dx Dis Dz Des
TA(BA) 21.75 0.82 0.00 273 0.00 2.70
TB(BB) 1343 0.82 0.00 11.05 0.00 2.70
TC(BC) 20.56 0.82 0.00 3.92 0.00 2.70
TD(BD) 20.56 0.82 0.00 39 0.00 2.70
TE(BE) 13.43 0.82 0.00 11.05 0.00 2.70
TF(BF) 16.27 2.14 2.08 5.57 2.08 4.02
TG(BG) 14.52 1.81 1.23 7.98 2.37 3.69
TH(BH) 18.68 1.81 2.37 3.82 1.23 3.69
TY(BY) 21.55 0.87 0.00 2.83 0.00 2.75
TZ(BZ) 20.96 1.00 -0.22 314 <022 | 2.89
TW(BW) | 20.96 1.00 0.22 3.14 022 2.89
TX(BX) 19.20 1.43 0.45 4.05 0.45 331
D" = 12D/ ¢?

additional load carrying capacity after failure. All models of
Figure 10 have the larger postbuckling load then BA except
BY. The postbuckling load of BX is in a rise of 20% over
BA. Hence the reasonable winding angle and winding
location enables the postbuckling load to increase from Table

2 and 5.

45000

P(N)

225004

Fig. 7 Load-extension curves for models wound at £45°,
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Fig. 8 Load-deflection curves for models wound at 90°.

5.5 Failure characteristics

Matrix failure mode, shear failure mode and fiber failure
mode are considered in this study. The general faulure mode
of no wound tension specimen shows that many tension fiber
failure occur first at the mid-rod when the load reaches near
load. Then,

failure propagates over the entire rod immediately after the

the ultimate many fibers failure and matrix
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ultimate load. The failure appearance of model TA is shown
in Fig. 11. The general faulure appearance of wound tension
apecimen that the
continuously right before the ultimate load, and tension fiber
fail appears in large quantities just over the ultimate load.
The failure appearance of model TE is shown in Fig. 12.

shows tension matrix fail occurs

10000
BH
£ 3
a — \\
/ A
/7 8o\ \ BB
//
1
5000 Y. 4B
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Y/
y
Y.
T
0 50 100
u(mm)

Fig. 9 Load-deflection curves for models wound at various angle.
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Fig. 10 Load- deflection curves for models wound at +45°,

The general failure

appearance of no wound bending
specimen shows that shear matrix fail occurs continuously
from near the first buckling to the second buckling. Then,
tension fiber failure mode appears when the load reaches over
the ultimate load. The failure appearance of model BA is
shown in Fig. 13. The general failure mode of wound
bending specimens shows that tension matrix fail occurs first

near the first buckling, and shear matrix failure mode appears

continuously over ‘the first buckling. Then, tension matrix fail

occurs in large quantities over the load

accompanying sudden collapse of the structure. The failure
appearance of model BE is shown in Fig. 14.

ultimate

In any cases,
although matrix and fiber failure occur locally in accordance

with the change of load, shear failure propagates to the

longitudinal direction of the rod according to the increase of
load accompanying a suddenly large deformation. It is
thought that fiber failure disenables the rod to carry the

additional load

in tension specimens,

and that a large

Fig. 11 Failure appearance of model TA.

Fig. 12 Failure appearance of model TE.

Fig. 13 Failure appearance of model BA.
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Fig. 14 Failure appearance of model TE.

deformation with crack to the longitudinal direction of the
rod due to shear failure disenables the rod to carry the
additional load after the ultimate load. Also, the tension fiber
failure modes appear first in no-wound tension specimens,
and the tension matrix fails first in wound tension specimens.
It is thought that the 0° fiber carries the load mainly in no
wound specimen and that the winding fiber influences the 0°
fiber in load carrying.

6. Conclusion

In  this study, buckling, postbuckling, and failure

characteristics of the pultruded-wound hollow rod were
analyzed using the finite element method- based on the
updated Lagrangian formulation. The progressive failure
analysis approach is introduced in the finite element method.
Experiments were performed to verify the finite element
analysis of the pultruded-wound hollow rod. The agreement
between the analysis and the experiment for buckling load,
postbuckling ultimate load, and failure characteristics in both
tension and bending were good. It was possible to depict the
global of pultruded-wound hollow rod by modeling the rod as
degenerated shell elements. Generally an increase of buckling
load and postbuckling ultimate load can not be expected in
wound tension specimen except for TW. This shows that
reasonable winding causes the ultimate load to increase. In
the case of bending behavior, BZ, BW and BX increased the
buckling load and the postbuckling ultimate load.

However, global bending behavior of the specimen was not
affected by a specific component of bending stiffness matrix

but by coupling action of various stiffness matrix. The

tension fiber failure results in failure of structure in tension
specimen. The shear failure of the bending specimen causes
the specimen to crack in the longitudinal direction over the
entire area. Then, the specimen results in no additional load
carrying following an exceeding deformation. The developed
pultruded-wound process may be applied to manufacturing the

Rebar which can be used as reinforcement to concrete.
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