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INVESTIGATION METHOD OF TORSIONAL PROPERTIES
AND DAMAGES OF GLASS/EPOXY COMPOSITE PIPES

Slavisa S. Puti¢, Marina R. Stamenovi¢, Predrag S. Stajcic,
Branislav B. Bajceta and Srdan M. Bos$njak

Pipes made of composites glass fiber/epoxy resin are predominantly used in the che-
mical industry, construction, infrastructure and war technique. The pipes made for this
purpose are in their use exposed to static and dynamic loading. Depending on the purpose,
the pipes, especially those in complex structures, can be loaded by torsion. In that case,
exceeding allowed tensions can cause damages such as cracking the fibers and matrix
delamination. These damages can lead to the appearance of cracks on the pipes and in
many cases to complete breakage of the pipe. Because of this, it is very important to
evaluate composite pipes exposed to torsion and find out in which way the construction is
weakened, what actually is the main goal of this paper.
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INTRODUCTION

Materials which were traditionally used in the industry plants are now successfully
replaced with composite materials. Pipes, tanks, pressure vessels, and even reactors made
of these materials are nowadays more and more used. Their advantage is relatively small
mass, good relation strength-mass and stiffness-mass, with good static and dynamic pro-
perties, good corrosion-proof, simplified manufacture, time needed for installation. For
any use it is necessary to know mechanical properties assessed for smooth and plane
samples. However, the problems occur when examining cylindrical samples. Then the
properties used for plane samples can not adequately be used, nor can the behavior of the
cylindrical material be described by using several elasticity constants at the same time. For
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composite pipes the relation load (F) and extension (A/) becomes illinear, turning almost
all extensions in the function of several different elasticity constants. According to this,
mechanical properties of a sample of the examined material in such cases are not only a
function of its structure but its geometry must be considered as well.

Many researchers have tried to find out torsion properties of different composite pipes
structures (1-7). For example, Kocks and Stout (5) in their work wrote that torsion testing
is useful but cumbersome: useful as a technique to determine large-strain plastic behavior
in a plane-strain mode; cumbersome because the testing of a solid rod provides reliable
data only in the simplest of circumstances, for example, when there is no strain hardening
or rate sensitivity. The testing of short thin-walled tubes is widely regarded as the best cur-
rent technique to determine general constitutive behavior; a drawback is the requirement
for large specimen blanks and the complex machining procedure. They have undertaken
a similar series of tests on just four rods plus one short tube for comparison. They found
the results from the two types of torsion test in excellent agreement; however, it was not
a critical test.

Restrained shape memory alloy (SMA) wires, as actuators, are wound and pasted onto
the outside surface of a thin-walled circular tube at angle of a°® with respect to the tube axis
in the (6). This paper presents a mechanical model of a thin-walled tube, pasted with ac-
tuators (SMA wires), the analyses of the mixed deformation, of compression and torsion,
of the tube and the relation between the angle of twist and the temperature in a temperature
cycle. The theoretical predictions are validated with static experiments.

Further in (7) the authors presented results from torsion tests conducted on 36 mul-
tilayered, filament-wound, glass-epoxy tubes. Configurations with helical windings and
with alternating helical and circumferential windings were investigated for various wind-
ing angles. Under small loadings, shear moduli deduced from linear shear stress-strain
curves were found to be in reasonable agreement with analytical predictions. Under larger
loadings, various degrees of nonlinearity in shear stress-strain curves were encountered,
depending on the helical winding angle. Experimental torsional strengths were defined by
a 0. 2-percent offset yield stress or by maximum stress when large nonlinearities did not
exist. These strengths were compared with torsional buckling predictions for orthotropic
cylinders, and with mterial strength predictions based on orthotropic yield criterial and
elastic stress analysis. Computed elastic buckling stresses were considerably higher than
the experimental strengths for most of the test specimens except for those with only 30
and 45 degree windings. Experimental torsional strengths were found to correlate with
conventional yield predictions if predicted yielding in certain layers were ignored or if
unrealistically large transverse tensile and shear strengths of unidirectional laminae were
employed in the analysis.

The objectiv of this paper was the examination of glass/epoxy composite pipes on tor-
sion since they are more and more used in the chemical industry as an alternative material
to metal. In a comparison of these and steel pipes the advantage over the steel ones is a
lower price, as well as anti-corrosive properties which cut off the expenses for additional
protection. The material of the examined pipe was chosen because of its large spectrum of
usage in the pipelines for corrosive liquids, pipelines laid on the bottom of the seas and for
ventilation pipelines resistant to corrosive substances.
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EXPERIMENTAL

Composite pipes have been fabricated in the lab conditions. The basic structural com-
ponents were: glass woven with orientation 0°/90° as a reinforcement and epoxy resin
as matrix. Mass part of the reinforcement was 65%. Pipes were fabricated manually (8),
winding around the cylindre, taking care that on each winding resin is carfully pushed out
so that no air bubbles stay in. Hardening was done at room temperature, and after that the
pipe specimens for mechanical tests were cut. The dimensions of test pipes (length, diam-
etar and thikness) were @300 x 50 x 2.5 mm.

Reinforcement properties. Glass woven on the basis of silicate glass which contains
alkali up to 1% with specific mass 550 g/m? were used for reinforcement. It were made
of “E”-glass fibers which have good mechanical, hydro-thermal and electrical properties.
Glass woven was made by classical procedures of spinning.

Epoxy resin used as matrix material, was a polycondensation product of 2,2-bis- (4-
hydroxyphenyl) propane (bisphenol A) and epichlorhydrin:
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while 3-aminomethanol-3,5,5-trimethanolcyclohexylamine, a modified cycloaliphate ami-
newas used as crosslinking agent (hardener).

After balancing and dimension control, composite pipe is exposed to torsional exa-
mination in order to record static resistance of composite pipe on torsional strain. This
examination enabled the determination of the following parameters (9):

* Static torsional moment on the bound of elastic deformations (M, ) with the appro-
priate angle of torsion (¢_); and

* Maximum static torsional moment (Mzm) with the appropriate angles of torsion
(90

Composite pipe was examined on a device for torsional load (torsional actuator) whi-
ch can achieve maximal static load of £10000 Nm and maximal rotation angle of £50°.
Test system with the composite pipe is shown in Fig. 1.

The actuator uses hydraulic power and an appropriate servo valve. The basic structure
of the actuator provides flexible moving because of the reactions of the object being test-
ing on alternating rotational loads. The second function provided by the actuator aligning
of the testing component achieved by the flexible device. Rotational part of the actuator
has an adapter for connecting the testing object. Rotor of the actuator has an adaptional
part which connects the area between the actuator and the holder of the sample or elastic
diaphraghm.
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Fig. 1. Test system for composite pipes

Compensation of axial and angle retreat is realized by elastic diaphraghm, which re-
duces the reaction when the forces exceeds the actuator limit. Bending upon axial loads
which occur on the testing sample is neutralized by the reaction link on the other side. Re-
action link is done as a model of reaction torsion sensor which suffers installing the sample
on a plane panel or a desk. Reaction torsion sensor gives a precise signal proportional to
the achived torsion.

Angular Displacement Transducer (ADT) gives to the actuator electric signal through
the flexible link, which is propotional to position angle. Rotation of the actuator forms re-
turn signal (0 V up to +10V) from ADT to the amplifier. Amplifier gives a high level of DC
signal, which is directly proportional to the torsion angle. Rotation is constant and it does
not depend on torsion. Acceleration is also limited by management because of low level
of inertia between rotation supplier and bearing. ADT is a precise differential condenser,
connected as a stable part of the oscillator, demodulator and a provider of the allowed level
DC input and DC output.

During torsional test return signal toward stabilizer for actuator control is obtained
from Rotary Variable Differential Transformer (RVDT). This provider turns mechanical
angle movement into electric output in the meaning of electric output broadcaster. Dif-
ferential pressure cell is individual, two-chanell unit with measure tapes as pressure sen-
sors. Depending on the use this cell can act as a stabiliser or output controller on the force
actuator. Large inertial forces can cause differential pressure on the actuator over 20 MPa.
These forces usually act when the actuator returns suddenly to the zero position, mostly if
the chamber of the actuator is under pressure. Differential pressure cell forwards the signal
to the controller which controls cylinder pressure and actuator position. It harmonizes the
pressure in the servo valve in accordance with the actuator. By applying this option, pres-
sure rising in the chamber is limited.

RESULTS AND DISCUSSION

Three composite pipes were tested. Static torsional load was led in continuosly and
during the test the dependence detected was:

Torsion moment M, - angle of rotation ¢, [M, = f(¢) |.
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Typical diagram is shown in Fig. 2.
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Fig. 2. Relationship between the rotation moment (M)
and angle of rotation (¢), [M, = f (¢) |

Results shown in Table 1 are taken from the diagram shown in Fig. 2.

Table 1. Results of static torsional test of composite pipe

Mt , [Nm] P, [°] Mz, ,[Nm] D ]
Pipe 1 537 1.01 975 2.20
Pipe 2 600 1.03 950 2.25
Pipe 3 520 1.02 920 2.20
Where the following is:

Mz, - static torsional moment on the bound of elastic deformation;
¢,, - torsion angle on the bound of elastic deformation;

Mz, - maximal static torsional moment on a cracking bound; and
®,,, - torsion angle during torsional moment of cracking M.

All pipes had cracks in the middle. Maximal deformations appeared in the cracked
area on the pipe. According to the results from examination performed on three pipes the
following can be concluded:

* Torsional moment on the bounds of elastic deformations is Mt = 540 Nm;
and

* Maximal torsional moment on a cracking bound is Mz, =955 Nm.
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Micromechanical analysis of failure

Character and appearance of all broken pipes is typical for the breaks made by torsion,
Fig. 3.

Fig. 3. A wiew of composite pipes after torsion break

The break is made under an angle, usually of 45° to the axis of the pipe. Considering
micromechanical analysis of model and mechanisms on torsion, all known models and
mechanisms of damage appear in the case of study on torsion load, because reinforcement
has a dominant role in the crack initiation and crack propagation during the experiment.
The appearance of critical state of stress, and with it, a crack is connected with fiber-matrix
debonding after which the fibers cracked.

During experiments it was observed that at lower moment loading cracks were located
near the hollow layers, from there they spread, in that way pointing to the high influence of
hollowness as the cause of damage. Moreover, it was noticed that there were more breaks
on the outer and inner surfaces of the pipe, which were loaded the most during test. They
are increasing in layers with the increase of strain level. Local deformations appear around
the main break and along the direction of bending reinforcement. With the increase of
stress and strain, delamination appears, which is initiated from the main break and develo-
ped between the layers of the structure, which can be seen from the SEM micrographs
shown in Fig. 4 and Fig. 5.

Fig. 4. Typical delamination in the pipe subjected to torsion
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Fig. 5. Delamination of pipes
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Fig. 6. The fiber break in the layers

On the broken samples, even at low magnification it is possible to see all characteris-
tics of the break of material with the compliance of 0°/90° (Fig. 6):

* Break of the layer of orientation 0° with axial breaks and pulled out fibers, which
shows that the spreading of the break was done with fiber-matrix debonding and
pulling out of fibers;

+ Existance of axial breaks near the connection between the layers on the side of the
layer of orientation 0°;

* Transversal break of the layer of orientation of 90° is mainly through the surface
between fiber and resin, but without the visible changes in the resin. The lack of
axial break in the layer of orientation of 90° is characteristic;

* Brittle break of fibers that points out the dominant axial component of strain; and

* Delamination.

Complete process of damage and mechanism of its development can be described in
three phases:
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* Initiation of the process of damage on the level of micro-break, either in the form of
a break of the matrix in the zones without fibers, or layers of strengthening and the
spreading on the border surface fiber-matrix happened before it;

* Delamination between the layers, which happened after transversal break in the
case of purely straining loading and/or before that in the case of purely inner pres-
sure (loading). This scheme can be changed according to the relationship of trans-
versal and side strains (c,, /o). The appearance of micro-break happens before this
damage; and

* Further development and connection of the breaks and delamination between the
other layers that results in the final break.
Damage was different depending on the place where micro-breaks appeared:

* In the zone without fibers the cracks are normal on the direction of tension and ca-
used the cracking of the matrix;

* In the zone with low density of fibers, micro-breaks are developed around the fibers
and cause transversal breaks; and

* In the zone with high density of fibers, micro-breaks increased and connected with
border surface fiber-matrix; there was transversal break.

CONCLUSION

Tests results provide the knowledge that can be very useful to the and become a good
basis for the institutes and producers of pipes made of composites glass fiber/epoxy resin.
They give the information about the following parameters:

Mzt , - static torsional moment on the bound of elastic deformation;

¢,, - torsion angle on the bound of elastic deformation;

Mz, - maximal static torsional moment on a cracking bound; and

Prom ™ torsion angle during torsional moment of cracking M,

Micromechanical analysis confirmed all theoretical assuptions analysis of the conse-
quences of torsion of composite pipes. It can be seen, that under smaller moment loading,
cracks were located near hollow layers and from there they spread, showing strong influ-
ence of hollowness as an initiator of the damage. Futhermore these breaks were higher in
the number on outer and inner surface of the pipe, which were mostly loaded during tor-
sion. Local cracks appear around the main break and along the direction of reinforcement.
With the increase of stress and strain, appears delamination that is also initiated from the
main break and developed further between layers of structure.

The significance of this contribution is manifold. First of all, this experiment set base
and set appliances and following equipment for further experiments. Also, the methodo-
logy of the work was developed as well as the process of testing. The properties of pipe
tested on torsion, moments, angles are found out and the stress and strains can be deter-
mined. The picture of the properties after torsion of pipes is complete when all known
models of damage and micromechanical analysis of development of damage of break
surface of the pipe are considered.

Therefore it can be concluded that the obtained results are new experimental contri-
bution and they can be taken as an orientation and starting values for some further ex-
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periments. In the end, it should be said that this problem, up to now, has not been discuss
systematically and with due professional care. Because of that, the responsibility in the
process of finding the solution of the complex problem of composite pipes is therefore
more important and more demanding.
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HUCIIMTUBAIBE TOP3UOHUX CBOJCTABA U OLITEREBA
CTAKJIO/EIIOKCHU KOMITIO3UTHUX HEBHU

Cnasuwa C. Ilymuh, Mapuna P. Cmamenosuh, Ilpedpae C. Cmajuuh,
bpanucnas b. Bajuema u Cphan M. Bowrax

JIOMMHAHTHOCT NMpHUMeHe [eBH M3pa)eHHX OJf KOMIIO3UTa CTAKJICHA BJIAKHA/CIIOKCH
CMOJIa je IPUCYTHA Y XEMH]CKOj MHIyCTpHUjH, Tpa)eBUHAPCTBY, HHYPACTPYKTYPH U PaTHO]
texHuLM. LleBn n3palene 3a OBy HaMEHy Cy y €KCIUIOTAIMjH M3JIOKEHE JICIOBAbY KaKo
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CTaTHYKOT TaKO M AMHAMUYKOT ontepehiea. Y 3aBUCHOCTH 071 HAMEHE, KOMITO3UTHE LIEBH,
MIOTOTOBO y KOHCTPYKI[HjaMa CII0KEHOT IIeBOBOA, MOTy OutH onrepehene Ha yBujame. Y
TOM ClTy4ajy IpeKopaderse JOMyITSHUX HalloHa ITPoy3poKyje omTehema koja ce ornenajy
y YBHjamy U MyNamy BIaKaHa, MyIalky MaTPHIE U paciiojaBama (AeraMuHanmje). Y 3a-
BHCHOCTH OJ1 HAYMHA Cllararba BlIaKaHa jaBJbajy ce pasIMYUTH MOJICIIH olTehemba, 0JIHOCHO
mojase mpciarHa. 300T Tora je BPJIOo BaKHO JIaTH OICHY ITOHAIIama KOMITO3UTHE IIEBH H3-
JIO)KCHE YBHUjamy OJJHOCHO NCIIMTHBAEM M aHAJIM30M Ha MPEJIOMHHUM IOBpLIMHAMa J1ohu
JI0 3aKJbydaka KOju Cy MOICTH W MEXaHW3MH KOjH ce MpH OBOM omnTepehemy jaBipajy u
KaKo OHM yTHYE Ha Cl1a0Jbehe KOHCTPYKIIH]E, IITO U jeCTe IPeaIMET U IIUJb OBOT paja.
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