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INTRODUCTION

marine, construction, etc.) due to such advantages as high corrosion resistance, lower weight and high mechanical

I ) olymer composites replace conventional materials like metals in various industries (civil engineering, aerospace,

characteristics [1-4]. Modern manufacturing technologies of glass fiber reinforced plastics (GFRP) allow to apply
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them in structures subjected to heavy loads. One of the most popular production methods of composite structures is
pultrusion [5-7], which is confirmed by the increasing application of pultruded GFRP. However, the number of works
studying pultruded composites’ mechanical properties is small compated to the number of studies devoted to composites
produced by other methods. Accordingly, it is relevant to study the mechanical properties of pultruded composites.

Most composite structures are subjected to cyclic loads, causing fatigue and damages that decrease service life. Fatigue leads
to a decrease in stiffness and strength of polymer composites [8—12]. Researchers distinguish two different degradation
behaviors [13—18]. The first one is characterized by a slow decline of material stiffness, with a rapid transition to a significant
decrease in stiffness, leading to fracture. The second behavior has three characteristic stages: initiation, described as a sharp
decline in stiffness about 15-25% without a failure; stabilization, characterized by prolonged slow accumulation of fatigue
damage; the final stage is aggravation, characterized by an intense decrease in stiffness, leading to the failure. However, the
stiffness degradation processes of pultruded GFRP were not thoroughly studied [19-23]. Hence, it is necessary to investigate
fatigue behavior and damage accumulation of pultruded composites. Moreover, since composites have anisotropic nature,
it is necessary to take it into account and study fatigue under different loading modes (i.e., tensile, torsion, bending, etc.).
Various models of fatigue damage accumulation processes’ descriptions were proposed [24-29]. Earlier the models of
residual dynamic stiffness’ dependence on number of loading cycles were developed by Yang et al. [30], Whitworth [31],
Mao and Mahadevan [32], Van Paepegem and Degrieck [33], Wu and Yao [34], Shiri et al. [35], Zong and Yao [36], Wang
and Zhang [37], Gao et al. [38—40], etc. The authors of this work previously developed and successfully applied the
composites’ properties degradation models based on cumulative distribution functions (Weibull distribution, beta
distribution) [41, 42]. Besides, the method for calculating damage accumulation stage boundaries was proposed using the
characteristic value of mechanical property decrease rate [15].

This work is devoted to an experimental investigation of fatigue behavior of pultruded fiberglass tubes under uniaxial
tension, compression and torsion. The section "Material and methods" describes the composite material, testing procedures,
specimen preparation and equipment. In the subsection "Static tests results”" the tresults of the composite's tensile,
compression, and torsion tests are provided, and the static mechanical properties and failure mechanisms are described. In
the "Fatigue test tesults" subsection, the fatigue curves are presented for tension-tension, tension-compression,
compression-compression, and torque (shear) modes. The main damage mechanisms are described. In the subsection
"Stiffness degradation analysis", the material's dynamic stiffness reduction is shown, and the data is processed with the
previously developed model. The dependence of model parameters on the loading conditions is determined. The section
"Conclusions" summatizes the work's main outcome and provides an outlook for further research.

MATERIAL AND METHODS

Material and specimens’ preparation
T he material is pultruded fiberglass (JSC “FloTenk”, Russia) manufactured in accordance with GOST 33344-2015
(which corresponds to EN 13706-1:2003, EN 13706-2:2003, EN 13706-3:2002). The typical scheme of the
pultrusion process is shown in the Figure 1a [21]. The composite has a three-layer structure. The outer layers are
chaotically oriented continuous fiber glass mat Unifilo U528 with a thickness of 0.4-0.7 mm. The inner layer (roving)
consists of unidirectional glass fibers of diameter 24 um and linear density 4800 tex. Aropol S 560 ZX polyester unsaturated
resin is used as a matrix. The mass content of resin is 36%, mat 26% and roving 36%. During the pultrusion process a
transition zone was formed in which mat layers intersect the roving. Figure 1b shows the microstructure of the composite.
The tubes were cut into 140 mm long pieces to fabricate the specimens. Previous studies indicated [43] that the optimal way
to fix the specimens in the grips of the testing system is to use aluminum cylindrical tabs, which are glued into the specimen
ends. The gauge length was approximately 60 mm, the grip (tab) length was 40 mm, outer diameter =32 mm, inner diameter
was equal to 26 mm. An example of the prepared specimen is shown in Figure lc.

Equipment

Experimental studies were carried out using the large-scale research facilities “Complex of testing and diagnostic equipment
for studying properties of structural and functional materials under complex thermomechanical loading” at the Center of
Experimental Mechanics of the Perm National Research Polytechnic University (PNRPU).

The uniaxial static and fatigue tests were conducted using a two-axis servohydraulic system Instron 8802 (United Kingdom)
with the following characteristics: maximum tension/compression load is 100 kN, maximum torque is 1000 N-m, accuracy
is 0.5% of the measured value, loading frequency is up to 30 Hz. The unit includes a FastTrack controller with WaveMatrix
software support. A built-in feedback module allows to adjust the applied force as the specimen stiffness changes to maintain
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the specified loading conditions. A non-contact optical video system VIC-3D with Prosilica GE4900 cameras with a
resolution of 4872 x 3248 (16 megapixels) and a maximum acquisition rate of 3 frames/second was used to determine the
displacements on the surface of fiberglass tubular specimens. The digital image correlation (DIC) method implemented in
the VIC-3D software was used to calculate strain fields.

1. Roving Creel

5. Pulling
System
- 6. Cut-off
S

aw
7.
Pultruded Profile
a

C

Figure 1: Typical scheme of the pultrusion process [21] (a), structure of the pultruded fiberglass tube (b) and image of the prepared
specimen (c).

Figure 2: Specimen in the Instron 8802 grips and VIC-3D.
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Methods

The static tests were performed in tension, compression, and torsion to determine the tensile, compressive and shear
strength, as well as the elastic moduli. The displacement rate was 2 mm/min for tensile and compressive tests (according to
the recommendations of ASTM D3039 and ASTM D3410), while the twisting rate was 20 deg/min for torsion tests. Stress-
strain curves were obtained using the VIC-3D. The evolution of strain fields on the surface of the specimens was
investigated. The obtained ultimate stress values were used to determine the parameters for further fatigue tests.

The axial fatigue tests were conducted in tension-tension, compression-compression, tension-compression modes in
accordance with the recommendations of ASTM D3479. The torsional fatigue tests were conducted with a symmetric cycle.
The magnitude of the load was chosen to have the maximum number of fatigue cycles approximately N = 5-10%. A
sinusoidal loading cycle was applied, the loading schemes, stress ratio (R) and frequency (») values are given in Table 1. The
maximum stress amplitude was in range of 30—95% of the ultimate strength to break specimens at approximately 102, 103,
10% and 105 fatigue cycles. The fatigue S-N curves were approximated by the Basquin relationship [44].

Fatigue loading mode Loading scheme Stress ratio (R) Frequency (v), Hz
c
Tension-tension Tt 0.1 4
c
Compression-compression ———f——% 10 4
G"
Tension-compression ——F—=  —0.78 (= —0B_romp/ OB rens) 2
c
Torsion —_——— -1 )

Table 1: Loading conditions of fatigue tests.

Stiffness degradation data and its analysis

To investigate the degradation of the dynamic stiffness, the amplitudes of axial load, axial displacement, torque and twist
angle were recorded every 1st, 10th, 100th fatigue cycle. Moreover, these values were recorded for each of the last hundred
fatigue cycles for specimens subjected to the high load amplitude. Dynamic tensile/compression stiffness was defined as
the ratio of axial load amplitude to axial displacement amplitude. Dynamic torsional stiffness was defined as the ratio of
torque amplitude to twist angle amplitude. Since the geometry has a certain variability, normalized values of residual dynamic
stiffness were used for comparison. The Ky represents the ratio of the current dynamic stiffness to that obtained at the
tenth cycle for tension/compression fatigue tests. The first values of dynamic stiffness were discarded because of high
stiffness of the specimens in the axial direction. The label Ky is the ratio of the current dynamic torsional stiffness to the
one obtained at the first cycle. Since the decrease of stiffness is dramatic in the last fatigue cycles, a drop in dynamic stiffness
to a value of 0.75 for tension/compression and 0.3 for torsion was considered.

The data on residual stiffness were presented in the form of function Ks(#), whete Ks = Ksi ot Ky and 7 = N/Ny — a fatigue
cycle ratio, N — number of a current cycle, Ny — number of fatigue cycles for a certain specimen. To analyze the decrease of
dynamic stiffness, the earlier proposed model based on the use of the Weibull cumulative probability distribution function
was utilized [41]:

1

K =1—i(—ln(1—ﬂ));. M
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Here, A and x are the non-negative fitting parametets. The stages of damage accumulation and damage rates are determined
using the derivative of the damage function wy = 1-Kj:

) g
@) ==(=In(1-1))x 11_”.

©)

If k<1 the function @'s(#) is monotonically increasing, which provides the realization of two-stage diagram of stiffness
degradation (i.e., the stage of slow stiffness decrease is realized, which is replaced by the stage of fast stiffness decrease).
However, if &£ 2 1 the function is undefined for » = 0, and a three-stage diagram of dynamic stiffness degradation is realized
(i.e., initiation, stabilization and aggravation stages are realized). Thus, we conclude that the proposed model is flexible
enough to describe both types of damage accumulation regularities.

RESULTS AND DISCUSSION

Static tests results
he static test results in a form of strain-stress curves are presented in Figure 3. The ultimate tensile strength is
I 08_sens = 323.7230.6 MPa, the ultimate compressive strength o wm, = 251.4%23.5 MPa, the maximum shear strength
is 75 = 54.0£2.1 MPa. The results demonstrate that tensile and compressive behavior is linear-elastic, but the
torsional behavior of the material is nonlinear. After the shear strength is reached, an extended stage of postcritical
deformation was observed. The difference in behavior is related to the fact that in tension/compression, most of the load
is carried by the roving, while in torsion, the load is carried mainly by the matrix and mat layers. Postcritical deformation of
polymer composites was also noticed in the works [45—46]. This feature could be explained as pseudoplasticity resulting
from the accumulation of structural damage [47—48].

100 + -80 1 240 1
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& Z Z
g 50 T E‘—4(J + g 120 +
o] 8 T
_1 3 E
25 + 20 T+ 60
0 ; I ; 0 ; ; ; i 0 f I i i
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Displacement, mm Displacement, mm Rotation angle, deg
a b c

Figure 3: Typical loading diagrams of pultruded fiberglass tubes under static: tension (a), compression (b), torsion (c).

Using the VIC-3D and DIC method, the stress-strain curves were constructed for static tests under tension, compression
and torsion (Figure 4). The average values of elastic moduli were determined: in tension/compression Young’s modulus
was equal to =30 GPa, in torsion shear modulus was equal to =3 GPa. The analysis of strain fields evolution demonstrated
that primary localizations occurred in the shape of separate spots at 50% of the maximum tensile load. These localizations
are formed due to chaotic stacking of glass fibers on the surface of mat layer. The difference between the maximum and
minimum strain values is higher at increased loads. The longitudinal strains at the maximum load clearly demonstrate the
defect zone that leads to failure of the specimen. In comparison, no zones of localized strains were observed under
compression. It indicates that the deformation process of the material is more homogeneous under compressive loading,
which might be explained by the predominant work of the matrix rather than fibers. Under the torsion, the localization of
shear strains was formed in the shape of spots. At the maximum torque value, the zone of localized shear corresponded to
the place, where the damage and cracks propagation occurred. The strain fields evolution is shown in Figure 4.
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Figure 4: Strain fields evolution under static: tension (a), compression (b), torsion (c).

The analysis of the fractured surfaces was carried out (presented in Figure 5). The tensile fracture occurred in the middle of
the specimen. The cracks of complex geometry initiated in the outer mat layer and propagate along the specimen and lead
to delamination between the roving and mat layers. The crack was oriented along the specimen axis and along the transition
zone with mat layer interconnection. Unidirectional fiber breaking occurred in the roving layer, leading to abrupt failure.
Under compression, the fracture occurred near the grips, and the compressive failure was due to fiber breaking and local
buckling in the roving layer and debonding of mat layers. Under torsion, fracture occurred both in the gauge area and near
the grips. The surface cracks in the outer mat layer indicated delamination from the roving. The roving had a matrix failure
which led to loss of stability of the specimen under torsion.

Fatigue tests results

The maximum stress amplitudes were defined based on the static test results. The tension-tension fatigue tests with a stress
ratio K = 0.1 were conducted at a maximum stress amplitude corresponding to 0.38—0.89 of the ultimate tensile strength.
The compression-compression fatigue tests with R = 10 were performed with an amplitude of 0.49-0.92 of the ultimate
compressive strength. The tension-compression fatigue tests with R =—0.78 =—0p_unp/ 08_sns were conducted at a maximum
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tensile stress amplitude of 0.30—0.73 of the ultimate tensile strength. The torsional fatigue tests were done with R = -1 ata
maximum tangential stress equal to 0.30—0.54 of the ultimate shear strength. The fatigue data was approximated by the
Basquin relationship:

O s =0'fN01’, T =TfN0b. 3)

C

Figure 5: Images of specimens after static: tension (a), compression (b), torsion (c).

Coefficients g5 7; b are the fitting coefficients. The approximated S-N curves, Basquin parameters, coefficients of
determination R2 and raw fatigue data are presented in Figure 6.
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Figure 6: Fatigue curves of pultruded fiberglass tubes under cyclic: tension-tension (a); compression-compression (b); tension-
compression (c); torsion (d).

Fracture analysis of pultruded GFRP specimens after fatigue tests was carried out (Figure 7). After tension-tension mode,
fracture of the roving layer occurred near the gripping part, while the mat layer debonded from the roving and cracked. The
presence of more than one crack on the surface of the specimens was observed. After compression-compression fatigue,
the specimen had a similar to static compression failure, describing by fiber buckling and fracture. However, the fatigue
fracture has a more complex shape and passes not only near the grip, but also along the middle of the specimens. After
tension-compression fatigue, a mixed damage mechanism was observed: there are fiber buckling near the grips and fractured
fibers with mat delamination in the middle of the specimen. After torsion fatigue tests multiple cracking processes are
observed on the mat layer surface, but crack propagation was in the roving layer as well. The loss of stability during torsion
fatigue was not observed, which was associated with a small amplitude of applied shear stresses.

C

Figure 7: Images of specimens after cyclic: tension-tension (a); compression-compression (b); tension-compression (c); torsion (d).

Stiffness degradation analysis
The data of dynamic stiffness over fatigue cycles were approximated by function Ks(), see eq.1; the resultant curves for
Ks(n) and @'s(n) are shown in Figure 8 (the stiffness degradation curves are presented on the left and damage growth rate
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on the right). Dots on the graphs indicate experimental data, solid lines - their approximation by the model. Green graphs
represent the results for low ratio between maximum stress in the cycle and ultimate strength, red graphs - for high ratio.
As described in the work [42], the following damage growth rate was accepted at which the fatigue damage accumulation
stages change: 8 = 0.3 stiffness change along the longitudinal (fiber) axis, 8 = 0.5 stiffness change under torsion (represented
as black dotted lines in Figure 8). Vertical dashed lines in Figure 8 represent a boundary line separating various stages of
damage accumulation. The coefficient of determination was the following range: R? = 0.86—0.99 for tension-tension mode;
R2 =0.70-0.99 for compression-compression; R? = 0.83—0.99 for tension-compression; R? = 0.93-0.99 to torsion. Two-
stage damage accumulation behavior was indicated for all axial modes, meanwhile the parameter A is relatively low. The
duration of the first low damage accumulation (low stiffness loss) stage is 80-95% of the total fatigue life. An increase in
the maximum stress amplitude does not significantly change the type of stiffness degradation curves. In the compression-
compression mode, a similar two-stage damage accumulation behavior was observed. However, a three-stage diagram of
stiffness degradation was realized in half of the cases, but the duration of the initiation stage was concise. In torsion, a
distinguished three-stage pattern of stiffness degradation is observed. The duration of the stabilization stage is about 50%
of the total fatigue life and it this stage starts at 20% of fatigue life. The variation of the maximum stress amplitude affects
the damage accumulation (i.e., stiffness loss). These might be explained as follows: load along the fiber axis is carried mainly
by fibers and a few of their ruptures occur (i.e. the properties decrease only slightly), while the shear load is carried by the
matrix, in which intensive cracking processes can occur, leading to a steady and significant loss in torsional stiffness.

1.00
0.96
,0.92 | 9
o T S
0.88 ¥
A
d.q8 *  Hxperiment L
: T Model : :
0.80 : : : es o
0 0.2 0.4 0.6 0.8 1

123



o P
O. Staroverov et alii, Frattura ed Integrita Strutturale, 69 (2024) 115-128; DOI: 10.3221/IGF-ESIS.69.09 ('

1.00

0.80

0.60

KS"(;

0.40

0.20

0.00

0 0.2 0.4 0.6 0.8 1 0 0:2 0.4 0.6 0.8 1

Figure 8: Typical stiffness degradation and damage parameter growth rate curves (on the left and right respectively) for specimens during
cyclic: tension-tension (a); compression-compression (b); tension-compression (c); torsion (d). Green curves are built for the specimens
with a low ratio between the maximum stress during the cycle and ultimate strength, red lines are built for the specimens with the high
one. Dotted curves are experimental data; solid lines are the data fitting by the proposed model; dashed lines represent damage
accumulation stages’ boundaries; black dotted lines on the right side show the critical value of damage parameter derivative.

To evaluate the influence of the maximum stress amplitude on damage accumulation, the Pearson correlation coefficient
(PCC, denoted as 7) was calculated. The results are presented in Figure 9. It was found that the model parameters x u A for
tension-tension, compression-compression and tension-compression modes are practically independent from stress
amplitude at a certain stress ratio R. Average value of the parameters: k= 0.6347 and A = 0.0204 for tension-tension mode
with R = 0.1; &= 1.5422 and A = 0.0267 for compression-compression (R = 10); k= 0.5410 and 4 = 0.0118 for tension-
compression mode (R = —0.78). Thus, we conclude that the model parameters depend weakly on the stress amplitude, while
their values change significantly when the mean normal stress value changes (a transition from a two-stage to a three-stage
diagram was observed when moving into the compression region). In opposite, the analysis of torsion fatigue tests indicated
significant correlation between the maximum stress amplitude and the model parameters. The dependencies were
approximated by a linear function for the parameter A and a quadratic function for the parameter x (Figure 9d).
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Figure 9: Model parameters dependence on maximum stress value for various loading modes: tension-tension (a); comptession-
compression (b); tension-compression (c); torsion (d).

CONCLUSIONS

compression, and torsion. The main outcomes of the study are the following:

1. The static mechanical properties of the pultruded GFRP tubes under tension, compression and torsion were
obtained. The localizations of the strains have been studied using the DIC method. The postcritical deformation stage has
been found out under torsion loading.

2. The fatigue S-N curves have been built under cyclic tension-tension, compression-compression, tension-compression
and torsion modes using the Basquin equation.

3. Typical damaging mechanisms have been described. Fibers breakage in the roving and crack propagation in the mat layer
occurred under tensile loads; fiber crushing near the grips was observed only under compression; multiple cracks in the mat
and roving resulted resulting loss of specimen stability under torsion.

4. The stiffness degradation model demonstrated high descriptive capability. It describes the two-stage and three-stage
damage accumulation that correspond to axial and torsional loading, respectively.

T his work experimentally investigated the fatigue behavior of pultruded fiberglass tubes under uniaxial tension,

5. The correlation analysis between the model parameters (k and 1) and the maximum stress amplitude demonstrated a
significant correlation only under torsion. The maximum stress amplitude does not influence stiffness degradation behavior
under axial loadings.

Experimental results showed significantly different axial and torsional fatigue behavior of pultruded GFRP. The further
research should be devoted to the investigation of the multiaxial fatigue behavior.
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