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ABSTRACT

A hybrid fiber-reinforced polymer (HFRP) continuous sucker rod, comprising a carbon fiber-reinforced
polymer (CFRP) core layer, a glass fiber-reinforced polymer (GFRP) winding layer, and a GFRP coating
layer (CFRP:GFRP = 2:3), has been developed and widely used in oilfield extraction due to its lower
specific gravity, enhanced corrosion resistance, and superior strength. However, HFRP rod joints and
their adjacent sections are prone to multi-mode failures, including fracture, debonding, and cracking.
Due to the complexity of joint structure and the coupling of tension, bending, and torsion, the failure
mechanism is unclear. To address this issue, a dual-scale failure assessment methodology for HFRP rods
was proposed, utilizing both macro and meso finite element models (FEM). This methodology was
validated through tensile and bending experiments, which yielded critical loads for the ¢22 mm HFRP
rod: a tensile load of 340.2 kN, a torque of 132.3 N m, and a bending moment of 1192.4 N m. Additionally,
a comprehensive FEM of the joint was established, which identified potential failure points at the
necking of the rotary joint, resin adhesive and the HFRP rod cross-section at the first groove tip. These
failure modes closely matched the experimental observations. Furthermore, the simulation results show
that stress concentration at the joint reduced the tensile, bending, and torsional strengths of the HFRP
rod to 61%, 12%, and 82% of their original values, respectively. The effects of bending moments and torque
on the tensile strength of HFRP rods were subsequently explored, leading to the development of an
equivalent fatigue assessment method for HFRP rod joints. This method, based on the fatigue charac-
teristics of HFRP rods and joint components, reveals that the primary cause of joint failure is the sus-
ceptibility of both the joint and the HFRP rod to bending moments and torque induced by dynamic
buckling of the sucker rod string (SRS). Using this method, the fatigue ultimate axial force of the ¢22 mm
HFRP joint was determined to be 91.5 kN, with corresponding fatigue ultimate torque and bending
moment under an axial force of 62.4 kN being 89.3 N m and 71.5 N m, respectively. Finally, a design
method incorporating a concentrated weighting strategy for HFRP-steel mixed rods was proposed to
enhance their service life, and its effectiveness was demonstrated through on-site testing.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

continue to account for over 80% of global energy consumption
(Meng et al., 2020). Consequently, the development of secure and

Despite the gradual development and implementation of clean
energy sources such as solar, wind, and hydrogen energy in in-
dustrial production and daily life to mitigate carbon emissions and
protect the environment (Ji et al., 2022; Li et al., 2022), fossil fuels
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efficient technologies for oil production remains a critical global
issue. The sucker rod pumping system (SRPS) illustrated in Fig. 1 is a
traditional artificial lifting method but still occupies a dominant
position in the petroleum extraction industry (Jiang et al., 2024). In
response to the challenges arising from the rapid increase of deep
and corrosive wells in the middle to late stages of global oil field
development (Lei et al., 2021; Elgaddafi et al., 2021; Zhang et al,,
2024a), fiber-reinforced polymer composite sucker rods were
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Fig. 1. Failure modes of HFRP rod joints.

developed and widely used (Zhang et al., 2023a; Guo et al., 2022a).

To eliminate the disadvantages of poor bending resistance of
CFRP and low elastic modulus of GFRP, a carbon-glass HFRP suck
rod was designed (Li et al., 2019a). Subsequently, research on fiber
hybrid modes was conducted, resulting in two main modes: the
shell-core mode, which has a simple and easy-to-control process-
ing technology, and the random hybrid mode, which has better
mechanical properties and fatigue resistance (Xian et al.,, 2021,
2022; Guo et al.,, 2022b; Zhang et al., 2024b, 2024c). Moreover, the
bisphenol A epoxy resin is selected as the matrix to improve high-

temperature and corrosion resistance(Li et al., 2019b). Overall, the
longitudinal tensile strength of HFRP rod is twice that of D-grade
steel sucker rods, while its density is only 1/4 of steel. Although the
cost of HFRP rods is 3~4 times that of D-grade sucker rods of the
same specifications, HFRP rods can significantly reduce the load on
the SRS. This allows for the use of smaller pumping units and
motors, thereby reducing the one-time investment cost of oil
extraction equipment (Lv et al., 2023).

Because of the flexibility of HFRP rods, a sinker bar is installed at

Nomenclature

Apj load stress transformation matrices for resin adhesive;

Ar load-stress transformation coefficient matrix;

Al cross-sectional area of the HFRP rod, m?;

As cross-sectional area of the sinker bar, m?;

Asi load stress transformation matrices for the steel joint;

As stress amplification factor;

B width of unidirectional CFRP (GFRP) specimen, m;

ci(i =0, ...,9) fitting coefficients of effect function;

dp, minimum diameter of a sinker bar that does not buckle, m;

e, uw displacements of the sucker rod nodes along the tangential, normal,
and sub-normal directions, m;

E¢ elastic modulus of fiber, Pa;

Efi =1, 2, 3) elastic modulus in the i direction, Pa;

Ex elastic modulus of the k-th stage sucker rod, Pa;

Em elastic modulus of matrix, Pa;

Es elastic modulus of sinker bar, Pa;

F load vector;

Fo is maximum concentrated compressive load of SRS bottom, N;

Fa axial force, N;

fa(+) mapping function from complex loads to strength margin;

Fac-cr critical axial force of HFRP rod under the influence of bending
moment and torque, N;

Fa-cr critical axial force of HFRP rod, N;

Fajc-cr critical axial force of HFRP rod joint under the influence of bending
moment and torque, N;

Fy tensile ultimate load of CFRP (GFRP) specimen, N;

Fo-cr critical buckling load of SRS, N;

Fgor ultimate bending load of HFRP rod, N;

Fer, Fen, Fep  tangential, normal, sub-normal internal forces, N;

Serw fens feb tangential, normal, sub-normal external forces, N/s;

1

Ta torsion of the wellbore trajectory, m™';

Ter stress conversion matrix between rectangular CS and cylindrical CS
(appendix);

Tys stress transformation matrix corresponding to a rotation of the CS
around the Y-axis by angle § (appendix);

Tg off-axis stress transformation matrix (appendix).

Greek symbol

[oal allowable fatigue strength of the resin adhesive, Pa;

[os] allowable fatigue stress of the steel joint, Pa;

6 lay angle, rad;

OA service factor;

£ strain vector;

ec strain vector in cylindrical coordinates;

Ca FSM of the resin adhesive;

Chy FSM of the HFRP rods at the joints;

€T3 FSM of the HFRP rods;

41 FSM of the HFRP rod joints;

m factor accounting for fiber reinforcement.

s FSM of the steel joint;

A strength margin of the HFRP rod;

e volume fractions of fiber;

NFi strength margins of each meso critical point of fiber;

Nk strength margin of macro critical point of the HFRP section;

Nm volume fractions of matrix;

N

strength margins of each meso critical point of matrix;

O deflection angle of SRS caused by buckling, rad;
K shear coefficient of Timoshenko;

v (i, j = 1, 2, Poisson's ratio;

3, i=#j)

Pk density of the k-th stage sucker rod, kg/m?>;

Ps density of sinker bar, kg/m?;
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Fi(i = x,y,z) components of concentrated force, N;
ATB(-) effect function for the tensile capacity of HFRP rods at joints;
fRTB(-) effect function for the tensile capacity of HFRP rods;
g gravitational acceleration, m/s?;
Gii(i,j =1, 2, shear elastic modulus in i-j planes, Pa;
3, i#j)
Gy shear modulus of the k-th stage sucker rod, Pa;
Gs shear modulus of steel sucker rod, Pa;
I moment of inertia of the k-th stage sucker rod, m*;
I moment of inertia of the sinker bar, m*;
Jieer critical first stress invariant, Pa;
Ji(i=12) i-st stress invariant of the matrix, Pa;
Tk polar moment of inertia of the k-th stage sucker rod, m*;
Js polar moment of inertia of sinker bar, m*;
ka curvature of the wellbore trajectory, m~';
ke curvature of the sucker rod, m™';
Lg bending span, m;
Mg bending moment, N-m;
Mg, maximum additional bending moment, N-m;
Mg_cr critical bending moment of HFRP rod, N-m;
Maj_cr critical bending moment of HFRP rod at joint, N-m;
M;j(i = f, m) engineering elastic constants of fiber or matrix;
M;j(j = xy.z) components of moment, N-m;
Myt torque, N-m;
Mr, maximum additional torque, N-m;
Mr_cr critical torque of HFRP rod, N-m;
Mry.cr critical torque of HFRP rod at joint, N-m;
Nro specified fatigue cycle;
Dh pitch of helical buckling, m;
PLs; cyclic stress ratio at potential failure point on the steel joint;
Q stiffness matrix, Pa;
Q off-axis stiffness matrix in cylindrical CS, Pa;
To half of the difference between the tubing inner diameter and the
diameter of the steel sucker rod, m;
s coordinate of the sucker rod node, m;
S stroke of the pumping unit, m;
Sw dynamic coordinates of the sucker rod node,m, s\, = s + e(0,t)-S;
T thickness of unidirectional CFRP (GFRP) specimen, m;
t time, s;
Tiy stress coordinate transformation matrix when rotating around axis

1 by angle y (appendix);

o macro stress vectors, Pa;

r meso stress vectors, Pa;

a stress vector, Pa;

[ fatigue strength of HFRP, Pa;

O1E equivalent fatigue strength of HFRP, Pa;

OAj stress vectors at potential failure points on resin adhesive, Pa;

oc macro stress vector in cylindrical CS, Pa;

G5 longitudinal meso normal stress of fiber, Pa;

R stress in the fiber along the fiber direction, Pa;

Ot compressive strength of the fiber, Pa;

T tensile strength of the fiber, Pa;

o{(i = 1,2,3) normal stress component, Pa;

omax VM-Si maximum von Mises stresses at the potential failure points of the steel
joint, Pa;

Tme compressive strengths of the resin matrix, Pa;

omin VM-Si minimum von Mises stresses at the potential failure points of the steel
joint, Pa;

Tmt tensile strengths of the resin matrix, Pa;

oR macro stress vector in rectangular CS, Pa;

Osp ultimate strength of steel joint, Pa;

asi stress vectors at potential failure points on the steel joint,Pa;

ouTS longitudinal tensile strength of HFRP rod, Pa;

avMm von Mises stress of the matrix, Pa;

OVM-Aj von Mises stress at potential failure point on adhesive, Pa;

OVM-cr critical von Mises stress of the matrix, Pa;

7ij(i,j = 1, 2, shear stress component, Pa;

3, i#j)

1) torsional angle of the sucker rod, rad;

Abbreviations

CFRP carbon fiber reinforced polymer;

CcS coordinate system;

FATS fiber axial tensile strength;

FEM finite element models;

FSM fatigue strength margin;

GFRP glass fiber reinforced polymer;

HFRP hybrid fiber reinforced polymer;

MMF Meso-Mechanics of Failure;

RUC repeated unit cell;

RVE representative volume element;

SEM scanning electron microscopy;

sLJ

SRPS

SRS

single-lap joint;

sucker rod pumping system;
sucker rod string;

the lower end to ensure the smooth movement of the SRS during
the downstroke. Consequently, adhesive joints are needed to con-
nect the HFRP rods with the sinker bar and polished rod. These
HFRP rod joints and adjacent rods are susceptible to multi-mode
failure, as shown in Fig. 1, including fracture, debonding, and
cracking, which severely affects the service life of SRS. Therefore,
understanding the root causes of failure in HFRP rods and their
joints is critically important.

Due to the extensive use of composite materials, significant
research has focused on their failure mechanisms and adhesive
failure. Microscopic techniques such as scanning electron micro-
scopy (SEM) (Zhang et al., 2023b), and energy-dispersive X-ray
spectroscopy are valuable for observing internal damage in fiber-
reinforced polymers. However, these methods have limitations in
capturing local damage in 3D complex structures. Therefore, multi-
scale theories (Qi et al., 2019; Liu et al., 2023) and computational
simulation techniques (Noh et al., 2023; Zhang et al., 2024c; Feng
et al., 2024) have gained increased attention.

The Tsai-Wu failure criterion (Tsai and Wu, 1971), based on
deformation energy theory, was initially introduced, followed by
the Hashin criterion (Hashin, 1987) which predicts crack location
and propagation. Further improvements, such as the Chang and
Chang criteria (Chang and Chang, 1987; Gu and Chen, 2017),
consider shear stress effects on failure modes. Recent
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advancements include the use of FEM with representative volume
elements (RVEs) to predict stress distribution in complex com-
posites. Van Dongen et al. (2018) proposed a mixed method for
progressive damage analysis using the eXtended Finite Element
Method and Cohesive Zone Model, verified by open hole tensile
tests. To elucidate the thermal aging mechanisms in CFRP com-
posite, Cao et al. (2023) developed a multi-scale model predicting
damage evolution under thermal oxidation. Yuan et al. (2022)
adopted a 2D RVE to study out-of-plane shear loads on cross-
laminated plates. Shi et al. (2024) introduced a novel cross-scale
approach to map macro/meso-layer behavior in the complex
resin-fiber-interface. Xian et al. (2024) experimentally determined
the failure mode of glass fiber reinforced polypropylene in corro-
sive solutions.

For easily measurable properties, such as compressive and
tensile strength, indoor experimental methods remain the most
effective (Rodsin et al., 2022; Mushtaq et al., 2022). For HFRP sucker
rod body, some scholars have conducted experimental tests on the
tensile-tensile fatigue, interfacial shear, bending and other prop-
erties under specific environments, and obtained the damage
mechanism under single loads (Li et al., 2018; Li et, al., 2019b; Li
et al., 2020a; Guo et al., 2021; Guo et al., 2022a). However, due to
experimental equipment limitations, testing the performance of
HFRP rods under complex loads remains challenging.
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Regarding adhesive bond failure, Kim et al. (2008) introduced a
novel methodology for predicting failure in single-lap joints (SLJs)
by considering both adherent and adhesive failure, and developed a
new strength enhancement approach. Hou et al. (2022) employed a
multi-scale modeling method to elucidate the mechanical behavior
of SLJs and double-lap joints for plain woven composite under
tensile load. Subsequently, leveraging these methodologies, the
impact of bonding structure parameters, including overlap length,
adherent thickness, adhesive stiffness, adherent bending stiffness,
and fiber orientation sequences, on SL] performance was analyzed
(Reis et al., 2011; Ozel et al., 2014; Hasheminia et al., 2019; Wang
et al.,, 2021). Ke et al. (2024) investigated the performance evolu-
tion of epoxy adhesives and CFRP-steel epoxy-bonded joints after
hygrothermal exposure through experiments. Wang and Xian
(2021b) found through experimental research that differences in
the coefficient of thermal expansion significantly weaken the bond
strength between CFRP and steel. To assess the bonded perfor-
mance under complex operational conditions, an energy-based
fatigue life prediction model was presented and improved, with
enhancements through neural network technology enabling accu-
rate prediction of multi-axial fatigue life (Hafiz et al,, 2013; Wu
et al,, 2021; Zhang et al., 2022; Tanulia et al., 2022).

In summary, extensive analysis methods, strength prediction
and influencing factors have been studied for the failure of com-
posite materials and their joints. Most research, aimed at verifica-
tion, has focused on sheet-like composite materials and single
joints. However, HFRP sucker rods are cylindrical materials with
complex internal structures. While Li et al. (2020b) proposed an
innovative anchoring technique for HFRP rods and steel rods that
offers high tensile performance, adhesive joints remain dominant
in oilfield practices due to the complexity of new technology op-
erations and their uncertainty regarding complex loads. These ad-
hesive joints feature multiple wedge-shaped grooves for resin
adhesive, further complicating the internal structure. Conse-
quently, the mechanical properties and failure mechanisms of HFRP
rods and their joints under the complex loading conditions in oil
well operations remain unclear, significantly hindering the opti-
mization of mixed SRS and the full utilization of HFRP rod
performance.

Based on the above analysis, this paper proposes a dual-scale
failure evaluation method and an equivalent fatigue failure
assessment method to reveal the root causes of the HFRP rod and
joint failures. The main contributions of this paper can be summed
as fourfold. (1) A dual-scale failure assessment methodology for
HFRP rods was proposed, incorporating meso-scale RVE of fibers
and matrix, and multi-layer macro-scale FEM of the rod structure,
which was verified through tensile and bending tests. (2) A three-
dimensional comprehensive FEM of the HFRP rod joint was
established, quantifying the impact of stress concentration at the
joint on the mechanical properties of HFRP rods. (3) An equivalent
fatigue failure assessment method for the HFRP rod joints subjected
to complex loads was proposed for the first time, employing a dual-
scale failure criterion. (4) A design method incorporating a
concentrated weighting strategy for HFRP-steel mixed rods was
proposed to extend their service life, with effectiveness demon-
strated through on-site testing.

2. Material parameters and failure modes of HFRP rod
2.1. Internal structure and parameters of HFRP rod

Taking HFRP rods with a shell-core hybrid mode as the research
object, as shown in Fig. 1, the HFRP rod consists of a multi-layer

composite structure (Li et al., 2020c; Guo et al., 2022c). The core
is made of CFRP, which significantly enhances the rod's strength.
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Surrounding this core is a GFRP winding layer, designed to prevent
the dispersion of CFRP core. The outer coating layer, also made of
GFRP, provides improved ductility and corrosion resistance (Li et al.,
2020d). The intricate internal architecture of HFRP rod is detailed in
Fig. 2(a), illustrating that the fibers within the CFRP core and the
GFRP coating layers are aligned parallel to the rod's longitudinal
axis, whereas the fibers within the winding layer are positioned at
+45° relative to this axis. The basic parameters of HFRP sucker rod
are presented in Table 1.

Table 2 elucidates the fundamental material properties of car-
bon fibers, glass fibers, and the epoxy resin matrix utilized in the
manufacturing process of HFRP rods. Notably, carbon fiber is
polycrystalline and shows strong anisotropy, while glass fiber and
epoxy resin are isotropic.

Before analyzing the mechanical properties of composite ma-
terials, it is essential to homogenize them. The HFRP rod consists of
four layers of unidirectional fiber composites, and their mechanical
properties can be examined using the unidirectional laminate
model depicted in Fig. 2(b). Unidirectional laminates can be ho-
mogenized into anisotropic homogeneous materials, and the
stress-strain relationship within these laminates, as defined in the
coordinate system (CS) (1-2-3) aligned with the fiber directions, is
given by:

01 Qi1 Q2 Q3 0 0 O €1
p) Qa2 Q2 Q3 0 0 O €
03 | _|Q3 Q3 Q3 0 0 0 | es (1)
723 0 0 0 Q4 O O |7
31 0 0 0 0 Q5 0 ||vy
T12 0 0 0 0 O Qe]l712
The above formula can be simplified to:
0=Q¢ (2)

where Q can be derived from the engineering elastic constants of
composites, expressed as:

1 —vy303 1—v31v13 1 -1
=EF—2%3 =F—= =F3—= =
Q11 1 . ,Q =E; - Q33 =E3 - ,

Qa4 = kG323, Qs5 = kG31,Q66 = G2
V21 + V31023 V12 + V32013
Q2 =E =k

A A ’
V31 + 121032 V13 + V12023
=E =E
Qi3 1 X 3 A
V32 + V12031 V23 + 121713
=E =E ,
Q3 =E A 3 A ,

A =1 —v1pvp1 —V23¥32 — V13V31 — 2V21V32V13
(3)

The engineering elastic constants of single fiber composite
laminates can be determined using the mixing law of composites.

Ey = Egng + EmNm, V12 = Vel + VmMm

(Mf/Mm) -1

(v ) <

Based on the fibers-to-resin ratio in Table 1, the engineering
elastic constants for CFRP and GFRP can be calculated using Eq. (3)
and Eq. (4) as detailed in Table 3. The average deviation between
these calculated values and the manufacturer's measured results is
5.0%, demonstrating that the computed engineering elastic con-
stants are reliable for performance analysis of the HFRP rod.

Fig. 2(c) illustrates the cylindrical composite material in the

¢ 4
M — L Sl 4)

1 -G



X.-X. Lv, W.-R. Jin and X. Zhang

Petroleum Science 22 (2025) 2570—2591

Fig. 2. HFRP rod structure and modeling. (a) Internal structure; (b) Composite unidirectional laminate; (c) Coordinate System for arbitrary layer of cylindrical composite materials.

Table 1

Basic parameters of carbon rods.
Parameters Value
Axial tensile strength, MPa 1560
Axial fatigue strength, MPa 479
Density, kg/m> 2040
Volume ratio of fiber to resin 7:3
Volume ratio of CFRP to GFRP 2:3

cylindrical CS (r, 6, z), where § denotes the ply angle, representing
the angle between the fiber direction and the z-axis. The stress-
strain relationship for each point in an elastic material within cy-
lindrical coordinates can be expressed as:

oc = Qec
oc=[0r 0y 0z Tg Tz TrﬂT (5)
, T
ec=ler e e Yo Yua Yrg)
where,
Table 2

Basic parameters of HFRP rod component materials.

Q=T1;'QT;" (6)

Based on the structure of the HFRP rod, the lay angle of each
layer is given by:
0  CFRP core and GFRP coating layer
b= +45°

GFRP winding layer 7

2.2. Characterization of microscopic failure modes

The failure mechanisms of HFRP rods can be categorized into
fiber failure and matrix failure. When the composite is subjected to
loading along the fiber direction (0°), the fibers primarily bear the
load, leading to predominant fiber damage. Conversely, when the
composite is loaded in other directions, matrix failure becomes
more prominent due to the comparatively lower strength of the
matrix.

In this study, the Meso-Mechanics of Failure (MMF) framework
(Ha et al., 2010) is adopted to evaluate the failure of both the fiber
and the resin matrix. Within the MMF framework, the failure of
fibers is assessed using the maximum longitudinal stress criterion:

3

Material parameters Tensile Shear Poisson's ratio Density, kg-m™ Tensile strength, MPa Compressive streng, MPa
modulus, modulus,
GPa GPa
En 260 Gr3 29 Vi3 0.32
T-300 Carbon fibre Ep 20 Geiz 6 Vo 0.3 1800 3680 3200
EB 20 Gf]3 6 Vf13 0.3
Glass fibre 74 30 0.22 2550 3430 2800
Epoxy resin 4 135 0.38 1200 87 105
Table 3
Comparison between calculated and measured engineering elastic constants of CFRP and GFRP.
Tensile modulus, GPa Poisson's ratio Shear modulus, GPa
Material parameters _ Density, kg-m—3
Ey Ey(E3) v12(v13) V23 G12(G13) Ga3
CFRP Calculated 183 28.2 0.34 0.35 5.54 10.6 1620
Measured 180 30 0.32 0.34 6 10 1650
Error, % 23 6.0 6.3 2.9 7.6 6.0 1.8
GFRP Calculated 53 21.8 0.27 0.29 212 8.6 2145
Measured 52 20 0.28 0.3 2 9 2300
Error, % 2.0 9.0 3.6 33 6.0 44 6.7
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{

a¢1 > og — Fiber tensile failure
o1 < —ag— Fiber compression failure

Matrix failure is evaluated using the following criterion:

(h/J1—cr) + (0vm/Ovm—cr)® > 1— Matrix failure
Ji=01+03+03

2, .2 2
J2 = 0102 + 0103 + 0203 - (7'12 + 713 +Tz3)

oM = \/]% -3p

The tensile and compressive strengths of carbon and glass fibers
are detailed in Table 2. The critical values for the resin matrix, oym-cr
and Ji.¢, are determined using Eq. (10) based on the tensile and
compressive strengths of epoxy resin:

{ OVM—cr = vV OmtOmc
Ji—er = OmtOmc/(Fme — Omt)

Therefore, to assess the failure of HFRP rods using MMF, a dual-
scale analysis is required to obtain the mesoscopic stresses in both
the fiber and matrix.

(10)

3. Dual-scale failure evaluation method

In this section, firstly, a model for predicting the macroscopic
loads on the SRS is established. Then, a macroscopic FEM for the
HFRP rod, alongside a mesoscopic FEM for the fiber and resin ma-
trix is built, which enables the detailed analysis of microscopic
stresses within the fibers and resin matrix under applied macro-
scopic loads. Subsequently, by integrating the microscopic failure
modes, a dual-scale methodology for evaluating failure in HFRP
rods is presented. Finally, based on the dual scale method, an
equivalent fatigue failure assessment method for HFRP rod joints is
constructed.

3.1. Macro load model

To perform a failure evaluation of HFRP rods and joints, it is
essential to predict the complex loading conditions that the SRS
will encounter during operation. The axial force can be derived
from the longitudinal vibration model (Sun et al., 2018; Lv et al,,
2021). Meanwhile, the bending moment and torque on the sucker
rod can be determined using the model developed by Wang et al.
(2024) (refer to Eq. (11) and Eq. (12) for specifics, with boundary
and initial conditions detailed in the referenced literature).

2
L) Fon(s, Ok(5w) + for(5,0) = b5
2
Fers, Oka(sw) + 00 o (5.0) = pa D
an
Fen(5, OTa(sw) + 0200 4 (5. = pa 00
(s, 0ds = pg 260 “gS L
Fa(s,t) = Fer(s, t)
{MB(& t) = Epdi-ke(s, t) (12)
Mr(s.0) = Gy (s, £)/0s]

In a vertical well, the bending moment and torque are induced
by the dynamic buckling of SRS. The critical load necessary to
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induce helical buckling is

Fo_cr =2.75/Esls (psAsg — fer) /To

When the column remains unbuckled, the additional bending
moment and torque are zero. However, when buckling occurs, the
maximum additional bending moment and torque (Mg, and Mrt,)
can be determined based on buckling theory (Cheng et al., 2021).

(13)

Mg, = Esls- 471, / (47r2r(2) + pﬁ)

(14)
My, = EgJs13(dfy,/dz)?

2T
df,/dz

2r
Wo (1 — €qZ/2>

eq = Wo(psAsg — fer) / Fo, wo = /Fo/ (2Ess)

0, = woz — Woeqzz/4,ph =
(15)

3.2. Macro-scale FEM

The objective of the macro-scale analysis is to establish the
relationship between the macro load and the resultant macro
stress. Although HFRP materials, similar to elastic metal materials,
experience plastic deformation, the extent of this deformation is
quite minimal. Prior to the fracture of the composite material, the
relationship between load and strain remains almost proportional
(Zhang et al., 2014; Cozar et al., 2024). Therefore, assuming a linear
relationship between each component of the macro load F and the
macro stress it induces before the failure of the HFRP rod, the macro
stress within the rod can be expressed using the principle of stress
superposition:

G—AF (16)

F=[F F, EE My My, M;]" (17)

The load-stress transformation coefficient matrix Ag can be
obtained from macro FEM. In practical applications, the transverse
shear force Fy, and F, are substantially smaller than the longitudinal
axial force Fy and can be ignore, with the rod axis considered as the
X-axis. Additionally, the combined moments of My and M, are
treated as bending moments, with the XY plane selected as the
plane of action for the bending moment. Thus, the macro load F is
simplified to:

F=[F, My M;]"=[Fx Mg

Mg]" (18)

For illustrative purposes, a HFRP rod with a diameter of 22 mm
was analyzed. The macro-scale FEM of the HFRP rod was con-
structed with four layers, as shown in Fig. 3(a). To mitigate end
effects, the model length was set as 200 mm, and results from the
central section were utilized. Simulations were conducted using the
WORKBENCH. Material parameters for the cylindrical composite
were assigned within the cylindrical CS (local CS), as depicted in
Fig. 3(b). The stiffness matrix Q for each material layer was
computed using Eq. (6) and Eq. (7), based on the material engi-
neering elastic coefficients listed in Table 3. The mesh was gener-
ated using the sweep method, with a refined mesh applied to the
GFRP winding layer, as illustrated in Fig. 3(a). Adjacent layers were
bound to ensure contact, and a fixed constraint was applied to the
bottom of the model. A load was applied to the upper end of the
model, as shown in Fig. 3(c). By applying the unit components of
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Fig. 3. Macro-scale FEM and macro critical points of HFRP rod. (a) Gemetric model and meshing; (b) Coordinate systems; (c) Constraints and loading; (d) Macro critical points.

load F, the load-stress transformation coefficient matrix for each
point within the HFRP rod was determined. Mesh independence
analysis confirmed that the macro FEM required approximately
7.0 x 10° elements.

Given the axial symmetry of the HFRP rod, the stress compo-
nents induced by tensile and torsional loads are solely functions of
the polar radius r. Furthermore, the main stress component due to
bending load will attain an peak value within its plane of action (XY
plane). Consequently, the intersection of the action plane of
bending moment and the mid-cross section of the model is
designated as the reference line, as illustrated in Fig. 3(d). Fifteen
macro critical points are identified along this reference line for
assessing the failure of the HFRP rod.

3.3. Meso-scale FEM

The meso stress of fiber and matrix is necessary to assess the
failure of an HFRP rod using the MMF method. Due to the differing
mechanical properties of the fiber and matrix, the meso stresses
resulting from macro stresses may become highly concentrated in
specific regions. Consequently, a stress amplification factor is
introduced to characterize the relationship between macro stresses
and meso stresses.

o =A,0

— = - - - - _ 7

0=[01 0 03 T3 T31 T12] (19)
i mmA AT

6=[01 0 O3 Ty3 T31 T12]

The stress amplification factor A, can be determined using a
RVE, which is a meso FEM composed of multiple repeated unit cells
(RUCs) that characterize the distribution of fibers within the matrix.
To ascertain this distribution, a cross-section of the HFRP rod is
analyzed using a SEM, as depicted in Fig. 4(a). The analysis reveals
that the fibers are not uniformly distributed throughout the matrix.
For modeling purposes, it was assumed that the fibers were uni-
formly distributed and securely bonded to the matrix. Conse-
quently, RUCs with two typical distribution patterns—square and
hexagonal—are established for meso stress analysis, as shown in
Fig. 4(b) and (c). Based on the fiber-to-matrix ratio, the fiber
diameter is set at 200 mm, while the side lengths of the regular
quadrilateral and hexagon are 211.8 mm and 131.4 mm, respec-
tively. Failure evaluation is conducted based on the maximum
stress experienced by the fiber and matrix in these two distribution
configurations. The dimensions of the RUCs are determined by the
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volume ratio of fiber to resin. For the square and hexagonal RUCs, 16
and 20 meso critical points are selected, respectively, to assess the
failure of the fiber and matrix.

Two meso-scale FEM, as illustrated in Fig. 5(a), are developed
based on the square and hexagonal RUCs. To mitigate errors due to
loading end effects, multiple RUCs are utilized to construct the
square and hexagonal RVEs for CFRP and GFRP. The geometric
models of the RVEs are cubic, with side lengths of 653.4 mm and
682.7 mm, respectively. The specific dimensions are detailed in
Fig. 5(a). Hexagonal mesh and scanning methods are used for
meshing. And mesh independence analysis determines that the
optimal number of elements for the square RVE and hexagonal RVE
are 6.4 x 10° and 6.9 x 10°, respectively. Results from the middle
RUC in the middle section of meso FEM are used for analysis, as
shown in Fig. 5(c). Material parameters for the fiber and resin in the
meso-scale FEM are assigned according to the data presented in
Table 2. The overlapping interfaces of the fibers and resin are set for
bonding. And the macro stress applied to the meso-scale FEM
comprises six stress components, with the application method (Li
et al., 2013) for each stress component illustrated in Fig. 5(b).

When calculating the meso stress of the fiber and matrix, it is
essential to convert the macro stress components from the cylin-
drical CS to the rectangular CS. The stress transformation rela-
tionship is given by:

or = TroC

— T
0'R=[0'x Oy 0z Tyz Tz Txy] (20)

— T
oc=|[0or 0y 0z Tg; Tz Trg)

The global rectangular CS (x-y-z) for the macro-scale FEM and
the macro stress CS (1-2-3) for the CFRP core and GFRP coating are
aligned, so the macro stress applied to the RVE is same as that in the
global rectangular CS. However, the above two CSs are different in
the GFRP winding layer. Consequently, the macro stress applied to
the RVE of the GFRP winding must be transformed.

The macro stress CS (1-2-3) for the GFRP winding layer can be
viewed as a global CS (x-y-z) rotated by a certain angle § around the
Y-axis. Thus, the stress transformation formula is expressed as:

(21)

As shown in Fig. 4(a), the CS 1'-2'-3' of each RVE differs from the
macro stress CS 1-2-3. Therefore, macro stresses applied to the
meso-scale FEM must be transformed accordingly. The CS 1'-2'-3'

7 =T;0,
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Fig. 5. Meso-scale FEM of fiber and matrix. (a) Meso-scale FEM of RVEs; (b) Macro stress component application in meso-scale FEM; (c) Output results of meso-scale FEM.

can be obtained by rotating the CS 1-2-3 around axis 1 by a certain

each meso critical point of each macro critical point within each
angle (y), thus the transformation formula is:

layer of the HFRP rod can be obtained.

7 =A;T1y0 (22) 0 =AcTyTgTRAFF (23)

Based on Eq. (23), the meso stresses of both the fiber and matrix
under complex macro loads can be directly computed, facilitating
subsequent failure evaluation using MMF method. The strength
margin of HRPS rod serves as the basis for this failure assessment.
The detailed procedure is as follows:

First, the strength margin for each meso critical point within the

3.4. Dual-scale failure criterion of HFRP rod

Following the above analytical framework, the meso stress for
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RUC is computed individually using Eq. (24) and Eq. (25):

1—3f1/0’ft (Tf]>0

NFi = i=1,2,---,60r8 (24)

1—3f1/0fc op1 <0

v =1- [U]/jl—cr) + (UVM/UVM—cr)Z} j=1,-,100r12
(25)
Then, the minimum strength margin among all meso critical
points within the RUC is used to represent the strength margin of
the corresponding macro critical point of the HFRP section:

N = min{[nglu[ny]} k=1,2,--,15 (26)

Finally, the minimum strength margin across all macro critical
points is taken as the overall strength margin of the HFRP rod. If the
strength margin of the HFRP rod is less than zero, the HFRP rod is
deemed to have failed:

Na = min{[ny]} (27)

By following this analysis process, the relationship between the
strength margin of the HFRP rod and its macro load can be estab-
lished, represented by:

A :fA(FAvMTvMB) (28)

3.5. Equivalent fatigue failure evaluation method for HFRP rod joint

3.5.1. Potential failure points in HFRP rod joints

As depicted in Fig. 1, the HFRP rod joint primarily comprises a
coupling, a rotary joint, and an adhesive joint. One end of the joint
is attached to a weighted steel rod or a polished rod via the
coupling, while the other end connects to the HFRP rod through an
adhesive joint secured with resin adhesive.

Given the prevalence of various failure modes in HFRP rod joints
in practical applications, a comprehensive analysis of potential
failure points is essential. A three-dimensional comprehensive FEM
of the joint has been developed, as illustrated in Fig. 6. This model
includes mesh division and material parameters for the HFRP rod,
consistent with those outlined in Section 3.3. The elastic modulus
for the steel joints, including the coupling, rotary joint, and adhe-
sive joint, is set at 210 GPa, while the resin adhesive has an elastic
modulus of 4 GPa. The Poisson's ratios for these materials are 0.3
and 0.38, respectively. Each contact surface is modeled as a bonded
interface, with the coupling end fixed and the HFRP rod subjected
to individual tensile, torsional, and bending loads. Utilizing this
comprehensive FEM, stress distribution patterns for the HFRP rod,
steel joint, and resin adhesive under unit tensile and bending
moment loads have been analyzed and are presented in Fig. 7.

Fig. 7(a) shows the distribution of axial normal stress ¢, in the
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HFRP rod at the joint and shear stress 7y, under unit torque. The
figure reveals a significant stress concentration in the H1 cross-
section of the HFRP rod near the adhesive joint outlet. The prin-
cipal stress distributions in the cross-section H1 are depicted in
Fig. 7(d). The maximum stress is observed at the outer edge of the
GFRP coating, making this region prone to potential failure.
Therefore, the H1 cross-section is identified as a critical area for
assessing joint failure. The potential failure points on the H1 cross-
section are included in macro critical points, allowing the dual-
scale method constructed in Section 2 to be used to analyze the
failure of the HFRP rod at the joint.

Fig. 7(b) illustrates a notable concentration of stress at the
necking of the rotary joint. For instance, at point S1, the von Mises
stress under unit tensile, torsional, and bending loads are projected
to be 2002 kPa, 642 kPa, and 750 kPa, respectively. Under real
operational conditions, these stress levels are susceptible to
approaching the material's strength limit, thereby increasing the
likelihood of failure. Consequently, points S1—S4 have been iden-
tified as potential failure points for the joint.

The von Mises stress distribution of the resin adhesive within
the groove is depicted in Fig. 7(c). The results show a pronounced
stress concentration at the sharp corners of the adhesive, particu-
larly in the first adhesive groove on the left side. The von Mises
stresses of the resin adhesive bonded to the HFRP rod are detailed
in Fig. 7(e). It is evident that the resin adhesive in the first two
grooves on the left endures the majority of the applied loads.
Simulation results indicate that the resin adhesive in these two
grooves sustains 55.4% of the tensile load, 57.0% of the torsional
load, and 78.2% of the bending load, respectively. The stress con-
centration at the sharp corners increases the likelihood of the resin
adhesive detaching from the HFRP rod at points A1 or A2, leading to
joint failure. Therefore, points A1 and A2 are identified as critical
locations for assessing joint failure.

3.5.2. Equivalent fatigue strength of HFRP rod joints

Based on the relationship between fatigue life and fatigue stress
for a 22 mm HFRP rod, as determined experimentally by Li et al.
(2019a), the axial fatigue strength of the HFRP rod can be derived.
This is calculated as the maximum average axial stress corre-
sponding to a specified number of fatigue cycles.

)

Upon application of bending moments and torques to a HFRP
rod, both its tensile strength and fatigue strength are reduced.
Assuming a consistent pattern of reduction, the equivalent fatigue
strength of the HFRP rod can be expressed as

(3.992 —1g Npo (29)

o_1=o0yrs 10 3919

0_1g =frg(mr,mp)-0_1 (30)
where, frg(-) is the influence function of bending moment and
torque on the tensile capacity of HFRP rod, which can be obtained
by the dual scale failure evaluation method.

Therefore, the fatigue strength margin (FSM) of the HFRP rod

| 50 4 400
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o © - o
3 sl e I —w— ¢
i Ry Y E <. - g
m r—— """ 1~
e o | |
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| ] |
120 60 290 I m‘
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Fig. 6. Macro FEM of HFRP rod joints.
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Fig. 7. Macro stress distribution at the HFRP joint. (a) HFRP rod at joints; (b) steel joints; (c) Adhesive; (d) Section H1; (e) Adhesive bonded to HFRP rods.

subjected to complex loading conditions can be determined as points that must be considered when evaluating the fatigue failure

follows: of the joints. Based on the simulation results from the compre-
hensive FEM of the HFRP rod joint, the relationship between macro
Fa/An Fa/Ay loads and the stress at potential failure points within the steel joint
Cir=1- =1- and resin adhesive is derived.
0_1E 0_1-ff(Mr/Mr_cr, Mg /Mp_cr) 1)
ZHJ:-I_FA/AH: _ FA/AH aSi:ASiF i=1,2,3,4
01 o_1-fig(Mr/Mr_ct, Mg /Mg 1) (32)

O pj =AA]'F j: 1,2
The steel joints and resin adhesives present potential failure
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The FSM of the steel joints and resin adhesives under complex
loading conditions can be determined based on the stress vectors at
these potential failure points.

s =min{1 - PLy} i=1,234
(33)
ta=min{1—ovu_y/loal} j=1.2
PLg; = (a\r}‘ﬁ’isi - U\F?l\i/ElfSi) / ([Us] - U{IHI\i/?—Si) (34)
[o5] = 04 (02505, + 056250737 ;) (35)

The FSM of the joint, denoted as {j, is determined by the mini-
mum FSM among the steel joint, resin adhesive, and the HFRP rod
at the joint. If {j is less than zero, the joint is deemed to have failed.

¢ =min{Zy;, (s} (36)

4. Result analysis of dual-scale failure evaluation method
4.1. Macro stress analysis

The macro stress components at each point along the reference
line cause by a single macro load component are illustrated in Fig. 8.

Petroleum Science 22 (2025) 2570—2591

The order of magnitude for stress generated by axial tensile force
(Fa) of 1000 N is equivalent to that of bending moment and torque
(Mg and M) of 1 N m. FA and MB primarily generate axial and
tangential normal stress (¢, and @,). Furthermore, the maximum
values of @, and 7, resulting from Fy and Mg are observed in the
CFRP core layer, while the peak values of other macro stress com-
ponents are found at the inner or outer interfaces of the GFRP
winding layer. Mt predominantly induces macro shear stress 7,
with its peak values occurring at the outer edges of the GFRP
winding layer and at the inner and outer interfaces of the GFRP
coating layer. The locations where these maximum macro stress
components are included in the selected macro critical point set,
indicating that the failure of the HRPS rod can be effectively
assessed based on the stress states at these macro critical points.

4.2. Meso stress analysis

Using CFRP material as an illustrative example, Fig. 9(a) depicts
the distribution of meso stress components induced by unit macro
normal stress a; within a square RUC, while Fig. 9(b) presents the
distribution of meso normal stress ¢; resulting from each unit
macro stress component. As illustrated in Fig. 9(a), the macro
normal stress ; predominantly induces meso normal stress 71,
which mainly borne by the fiber. The other meso stress components
induced by @; are relatively minor and exhibit similar magnitudes
in both the matrix and fiber. Specifically, the maximum value of
meso normal stress 7 is observed at the fiber edge in the 45° and
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Fig. 8. Macro stress distribution at each point on the reference line.

2580



X.-X. Lv, W.-R. Jin and X. Zhang

(a)

Unit: Pa

1.0
0.8
0.6
04
0.2
0
-0.2
-0.4
-0.6
-0.8
-1.0
Unit: Pa

1.0
0.8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
-1.0
08
0.6
0.4
0.2
0
-0.2
-04
-06
-0.8
-1.0

Unit: Pa

Petroleum Science 22 (2025) 2570—2591

(b) ;

Unit: Pa Unit: Pa
15 1.0
12 08
09 0.6
0.6 0.4
0.3 0.2
0 0
-0.1 -0.2
-0.2 —0.4
-03 —06
-0.4 -0.8
-05 -1.0

o=1Pa

Unit: Pa
-0 1
-0.2
-03
0.4
-0.5

5,=1Pa

Unit: Pa
-o 1
-0.2
-0.3
0.4

-0.5

53=1Pa ?23=1Pa

Fig. 9. Distribution of meso stress components in square RUC. (a) Meso stress components caused by unit macro stress @;; (b) Meso normal stress o, caused by each unit macro

stress.

135° directions, whereas the maximum values for o, and g3 are
found at 90° and 0°, respectively. Fig. 9(b) shows that the meso
stress ¢ resulting from the unit macro stress @, is positive in the
0° direction and negative in the 90° direction. Conversely, the meso
stress ¢; resulting from the unit macro stress g3 exhibits an
opposite pattern. The unit macro shear stresses 7i, and 73
generally do not generate significant meso stress 71, whereas the
unit macro shear stress 7,3 induces a higher meso stress 71,
reaching peak values in the 45° and 135° directions. The locations
of maximum meso stress are incorporated into the selected meso
critical points.

In the case of the hexagonal RUC of CFRP, Fig. 10 illustrates the
distribution of meso stress components. As depicted in Fig. 10(a),
the meso stress ¢ resulting from the unit macro stress @ is the
predominant component within the hexagonal RUC, primarily
borne by the fiber. Notably, the maximum value of this stress occurs
in the 90° direction. Other meso stress components induced by unit
macro stress g; are relatively small, consistent with the findings
observed in the square RUC. Fig. 10(b) reveals that the meso normal
stress g1 caused by unit macro stress . 3. T12. 713 and T3
aligns closely with the results obtained for the square RUC. How-
ever, the peak meso stresses in both the fiber and matrix are
observed in the directions of 0°, 30°, 60°, 90°, 120°, 150° and 180°.
The locations of maximum meso stress within the hexagonal RUC
are also included in the selected meso critical points. This suggests
that the stress states at these selected meso critical points can
effectively evaluate the failure mechanisms in CFRP and GFRP
composites.

Based on the meso-scale stress analysis, stress amplification
factors for meso critical points in square and hexagonal RUC of CFRP
and GFRP composites can be obtained. The stress amplification
factor matrices of F2 and M2 points in the square RUC of CFRP
composites are given by:

139 -010 -0.18 022 0 O
—0.02 102 003 042 0 O
qsc2_ | 002 019 080 047 O 0
v O 008 001 126 0 0 |
0 0 0 0 095 060
0 0 0 0 035 126
000 009 003 -004 O 0
~001 020 -001 O 0 0
a5z | 0005 011 -011 0 0
v 0 002 -003 013 0 0
0 0 0 0 003 -007
0 0 0 0 -003 014

(37)

According to Eq. (37), ASF? is a diagonally dominant matrix,
which indicates that each macro stress component at the F2 point
on the fiber predominantly results in the corresponding meso
stress component. The diagonal elements of AS™? suggest that
when macro stresses ¢;. 0. 712 and T3 are applied at the F2
point, they are amplified when transformed into corresponding
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Fig. 10. Distribution of meso stress components in hexagon RUC. (a) Meso stress components caused by unit macro stress @;; (b) Meso normal stress 1 caused by each unit macro

stress.

meso stresses, whereas other macro stress components are
reduced. The absolute values of the elements in AS™? are less than
0.2, implying that at the M2 point in the resin matrix, all macro
stress components are significantly reduced upon transformation
into meso stresses.

The impact of the rotation angle ¥ on the meso stress compo-
nents induced by macro normal stress 7; at the F1 point in both
square and hexagonal RVEs is illustrated in Fig. 11. In both RVEs, the
rotation angle y significantly affects the meso stress components
05, 03 and 71, which may influence the values of a5y, J; and oy for
fiber and matrix failure assessment. Consequently, it is imperative
to analyze the meso stresses for both matrix and fiber across a
range of rotation angles y, from 0° to 180°, and to perform failure
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evaluations based on the most severe meso stress conditions.

By utilizing the meso FEM along with Eqgs. (24) and (25), the
strength margins for critical micro points in unidirectional CFRP
and GFRP under an fiber axial macro stress 719 (1-axis direction in
Fig. 2(b)) of 1000 MPa were obtained, as shown in Fig. 12. The
strength margin of the matrix in CFRP is relatively close to that of
the fibers, with the minimum margin occurring at point M1. In
contrast, the matrix strength margin in GFRP is significantly lower
than that of the fibers, also with the minimum margin at point M1.
Specifically, the minimum strength margins for CFRP and GFRP are
0.562 and 0.165, respectively. Based on definitions, g, = 719(1 —
nfc‘}igp). Thus, the FATS of CFRP and GFRP are calculated to be
2283.1 MPa and 1197.6 MPa, respectively.
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4.3. Prediction of the critical load for HFRP rod

Using the dual-scale failure evaluation method established in
Section 2, the effect of individual loads on the strength margin 74 of
the ¢22 mm HFRP rod was calculated according to Egs. (23)—(28),
the results are illustrated in Fig. 13(a). The critical tensile load (Fa-cr)
for 22 mm HFRP rod is 340.2 kN, the critical bending load (Mp_;) is
1192.4 N m, and the critical torsional load (Mr.¢;) is 132.3 N m. The
results suggest that the HFRP rods are most sensitive to torsional
loads, as the resin matrix experiences stress comparable to that of
the fibers during torsion, while the stresses generated by tensile
and bending loads are predominantly borne by the fibers.

Fig. 13(b) presents the strength margin at various macro critical
points on a ¢22 mm HFRP rod under critical loads. The strength
margin of the GFRP winding layer drops to zero initially due to
critical tensile and bending loads, as these primarily induce axial
tensile or compressive stresses along the rod's axis. In the CFRP core
layer and the GFRP coating layer, these axial stresses align with the
fibers, where the fibers effectively bear the majority of the load.
Conversely, the GFRP winding layer experiences off-axis tensile or
compressive stresses, more likely to reach the resin matrix failure

threshold. Consequently, the winding layer is particularly
(a) 12
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susceptible to failure under tensile and bending loads. Under
torsional loads, shear stress peaks at the outer edge of the GFRP
coating layer, where the resin matrix endures stress similar to the
fibers, making the coating layer the most prone to failure under
twisting.

4.4. Effect of bending moment and torque on tensile capacity for
HFRP rods at joints

HFRP rods may be subjected to bending moments and torques
during operation (Wang and Dong, 2021; Wang et al., 2024), which
can reduce their axial tensile capacity. Therefore, it is essential to
evaluate the effects of bending moments and torques on both the
tensile capacity of the HFRP rods and HFRP rods at joints. Using Eqgs.
(23)—(28), the critical tensile load of HFRP rods and HFRP rods at
joints under varying bending moments and torques can be deter-
mined, as shown in Fig. 14.

Fig. 14(a) illustrates that the critical tensile load (Fac.cr) of the
HFRP rod decreases gradually with increasing torque, with a sig-
nificant decline occurring only as the torque approaches its critical
value. This behavior is attributable to the differing critical points for
torsional and tensile loads. Conversely, the critical points under
bending loads coincide with those under tensile loads, resulting in
a rapid, linear decrease in the critical tensile load as the bending
moment increases. Fig. 14(b) further reveals that the effects of
bending moments and torques on the axial tensile capacity (Fajc-cr)
of the HFRP rods at the joints are similar to those on the rod body.
However, due to stress concentration at the joint, the critical tensile
load (Fpj-r) is reduced to 61% of the rod body, the critical bending
moment (Mpy-¢r) is reduced to 12%, and the critical torque (Mrj.cr) is
reduced to 82%. These findings indicate that the stress concentra-
tion at the joint significantly diminishes the tensile, torsional, and
bending capacities of the HFRP rod, with the most pronounced
reduction observed in bending ability.

To quantitatively assess these effects, Eq. (38) was employed to
model the degree of impact of bending moments and torques on
the tensile capacity of HFRP rods and the HFRP rods at the joints.
The resulting fitting coefficients are presented in Table 4, where fR
TB and f] TB represent the effect function of HFRP rods and HFRP
rods at joints, respectively.

frB(mt,mp) = g + cymy + C;Mp + C3m% + C4mmp+
csm3 + cgmi + c;mémg + cgmrm3 + com

3 (38)
mr = MT/MT—CU mp = MB/Mchr
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Fig. 13. Effect of individual load on the strength margin of HFRP. (a) Prediction of static critical load; (b) Strength margin of macro critical. points under critical load.
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Fig. 14. Effect of bending moment and torque on tensile capacity. (a) HFRP rods; (b) HFRP rods at joints.
Table 4
Fitting coefficient of function frg for HFRP rod and HFRP rod at joint.
Coefficients co [ C c3 Cq Cs Ce c7 Cg Co
HFRP rod, fR TB 0.95 —0.03 —0.60 1.02 -1.29 —0.64 —-1.47 1.06 0.54 0.34
HFRP rod at joint, f] TB 0.58 0.02 -3.49 0.78 —-3.23 20.18 -1.90 13.86 —-35.49 132.20

4.5. Prediction of critical fatigue load for joints

Using a HFRP rod with a diameter of 22 mm and its joint as a
case study (with the steel joint material matching that of D-grade
steel sucker rods, which have a tensile strength of 880 MPa; and the
resin adhesive with a fatigue strength of 105 MPa, Nyy = 10°), the
FSM of HFRP rod and each component of the joint under varying
tensile loads are calculated using Egs. (29)—(36). The results are
illustrated in Fig. 15(a), where the horizontal axis represents the
normalized tensile load. The results indicate that the FSM of HFRP
rod body is consistently higher than that of all components of the
joint under the same tensile load, suggesting that the carbon rod
joint will fail first under identical loading conditions. Moreover the

fatigue limit load for the ¢22 mm HFRP rod is 0.57 Fa-¢; (183.6 kN),
while the fatigue limit load for its joint is 0.28 Fa.cr (91.5 kN).
Fig. 15(b) and (c) depict the FSM of HFRP rod and each component
of the joint under various bending moments and torques when
subjected to a tensile load of 0.20 Fa (64.2 kN). As shown in
Fig. 15(b), the FSM of steel joint and resin adhesive decreases
gradually with increasing torque. Conversely, FSM of the HFRP rod
body and HFRP rod at the joint remains relatively stable initially but
declines rapidly once the torque exceeds a certain threshold. Spe-
cifically, when the torque reaches 0.67 Mr.¢; (89.3 N m), FSM of the
HFRP rod at the joint drops to zero. Fig. 15(c) shows that with
increasing bending moment, FSM of HFRP rod body decreases
slowly, while FSM of each component at the joint decrease linearly,
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Fig. 15. Effect of load on FSM for HFRP rod and the joint. (a) Tensile load; (b)bending load; (c) torsion load.
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with HFRP rod at the joint exhibiting the most rapid decline. When
the bending moment reaches 0.06 Mg (71.5 N m), FSM of the
HFRP rod joint also falls to zero.

These findings indicate that, under a given tensile load, lower
bending moments and torques can induce fatigue failure in the
HFRP rod at the joint. Therefore, it is crucial to minimize the
bending moments and torques experienced by the HFRP rod at joint
in the design of SRS.

4.6. Prediction of complex load for SRS

Using a vertical well as a case study, the force dynamics of the
SRS are analyzed, with the parameters of the oil production system
detailed in Table 5. Fig. 16 illustrates all the loads borne by SRS.

As shown in Fig. 16(a), the axial load on the SRS decreases with
increasing well depth. Due to the higher density of steel rods
compared to HFRP rods, the reduction rate is more pronounced in
steel rod sections. At the lower end of the SRS, the axial load be-
comes negative, triggering dynamic buckling within the SRS. As a
result, the SRS incurs additional bending moments and torques.
Fig. 16(b) and (c) clearly illustrate that both bending moment and
torque exhibit significantly higher values at the lower end of SRS,
gradually tapering off in an approximately exponential manner
towards the top, where they approach zero. It is noteworthy that
the maximum bending moment and torque do not occur at the very
bottom of SRS but are shifted several tens of meters upwards due to
the constraints imposed by the plunger inside the pump barrel. The
maximum and minimum values of torque are relatively consistent,
whereas the minimum bending moment is zero. Specifically, at the
lower joint, the torque and bending moment stand at 1.1 N m and
23.2 N m, respectively. Despite their relatively small magnitudes,
the sensitivity of the HFRP rod at joint to bending moments and
torques leads to a significant reduction in tensile capacity, specif-
ically to 0.51 Fa.¢. Compared with the upper joint that almost only
bears axial load, its tensile capacity is reduced by 0.1 Fa_¢ (34.0 kKN)

Petroleum Science 22 (2025) 2570—2591

According to Egs. (13)—(15), the effect of the sinker bar diameter
and well depth on the additional bending moment and torque
experienced by SRS, with an inner tubing diameter of 62 mm, is
analyzed. The results are illustrated in Fig. 17. As the diameter of the
sinker bar increases, the critical load of helical buckling rises
sharply. Additionally, as the well depth increases, the minimum
diameter (dp,) required to prevent buckling of SRS also increases. For
well depths of 1000 m, 2000 m, and 3000 m, the corresponding
values of dy, are 19.1 mm, 31.8 mm, and 38.1 mm, respectively.

Fig. 17(b) demonstrates that, upon buckling of the rod string, a
larger sinker bar diameter leads to a higher additional bending
moment and a lower additional torque. To prevent damage to the
HFRP rods caused by additional bending moments and torques, it is
crucial to ensure that the SRS remains unbuckled. Furthermore,
increasing the diameter of sinker bar will enhance the flow velocity
of the well fluid, which in turn increases the viscous friction and
energy consumption. Consequently, the diameter of sinker bar can
be preferably dy,.

5. Experimental verification
5.1. Verification of meso FEM

The accuracy of the meso FEM was validated by comparing the
predicted fiber axial tensile strength (FATS) results of the unidi-
rectional CFRP and GFRP with the experimental results.

The FATS of the CFRP and GFRP used in HFRP sucker rods was
tested under national standard of GB/T 1447—2005 (Fiber-rein-
forced plastics composites- Determination of tensile properties
tensile properties). First, five rectangular tensile plates of CFRP and
five rectangular tensile plates of GFRP were cut into specimens as
shown in Fig. 18. Each specimen had a total length of 250 mm, a
thickness T of 2 mm, a width B of 15 mm, and 50 mm anchoring
length on each end. Then, the loading speed was set at 5 mm/min,
and five tests were performed. The test results are depicted in

Table 5
Parameters of case well.
Parameters Configuration of SRS Configuration of tubing Pump depth
value HFRP rod ¢22 mm x 1200 m + steel rod ¢22 mm x 600 m ©62/73 mm x 1800 m(Anchored) 1800 m
Parameters submergence depth pump diameter Stroke length Pumping speed Water cut
value 400 m 56 mm 4.8 m 2/min 50%
(a) Axial tensile load Fa, kN (b) Torsional load My, N'-m (c) Bending load Mg, N-m
-15 0 15 30 45 60 -3 -2 -1 0 1 2 3 -20 0 20 40 60 80
o X A , A - o : . X . \ o X A , \
max Fy 119.6 max My max Mg
min Fa ! - min Mr - min Mg
24 24 24
4 4 44
6 6 6
€ € €
o o o
o o o
— 8 1 ~ 8 1 -~ 8 4
< < <
3 3 3
o) | o) o) !
© 10 4 h o 10 4 o 104 |
T ! T ) o) !
= Lowe : = V = '
12 joint s 12 4 o9 121 (‘br:
14 4 14 4 14
16 4 16 4 16 4
18 18 18

Fig. 16. Loads on the SRS of the case well.
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Fig. 17. Effect of sinker bar diameter and well depth on the additional bending moment and torque of the SRS. (a) critical load for helical buckling; (b) Effect of well depth on
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Fig. 18. Test result of FATS for unidirectional CFRP and GFRP.

Fig. 18, where the ultimate load indicated is the average of the five
tests. Based on the formula g, = F,/(BT), the measured FATS of
CFRP and GFRP were obtained and are presented in Table 6. The
errors between the predicted and measured results were 6.2% and
4.4%, respectively, validating the precision of the meso FEM and the
effectiveness of MMF.

5.2. Verification of dual-scale failure evaluation method

The effectiveness of the dual-scale failure assessment method
was validated by comparing the predicted and tested critical tensile
loads and bending moments of the ¢22 mm HFRP sucker rod.

The axial tensile strength of ¢22 mm HFRP rods was tested
under national standard of GB/T 13096-2008 (Test method for

Table 6
Comparison of predicted and measured FATS of CFRP and GFRP.
Measured FATS, MPa Predicted FATS, MPa Error, %
CFRP 2434.2 2283.1 6.2
GFRP 12533 1197.6 44
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Fig. 19. Tensile test results of ¢22 mm HFRP rods.

mechanical properties of pultruded glass fiber reinforced plastic
rods). Initially, five 700 mm-long HFRP rods were fabricated as
specimens. The tensile test was conducted with a grip length of
65 mm and a loading speed of 5 mm/min. The test results are
illustrated in Fig. 19, with the load values representing the average
of five tests. Firstly, the HFRP rod specimens were stretched
smoothly. When the tensile load reached 321 kN, the glass fibers on
the rod's surface began to separate from the resin matrix and
fracture. During this phase, the HFRP rod's stiffness remains rela-
tively stable, with only a slight decline, maintaining the
displacement-load curve's linear ascent. However, the load expe-
rienced fluctuations due to the release of elastic potential energy
from the fracturing glass fibers, with the oscillation amplitude
increasing as the displacement increased. Although the rod did not
fracture completely until 593 kN (equivalent to a tensile ultimate
strength of 1560 MPa), the resin and fibers began to fail at 321 kN,
which was identified as the critical tensile load for the HFRP rod.
The bending properties of ¢22 mm HFRP rods were tested under
national standard of GB/T 14028.2—2009 (Textile-glass-reinforced
plastics - Determination of mechanical properties on rods made of
roving-reinforced resin - Part 2: Determination of flexural
strength). Five 440 mm-long HFRP rods were fabricated as
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Fig. 20. Bending strength test of HFFP rod. (a) Diagram of the three-point bending test device; (b) Test results.

Table 7
Comparison of Predicted and Measured Critical loads.

Critical tensile load, kN Critical bending moment, N-m

Predicted 340.2 11924
Measured 321.0 1117.6
Error, % 6.0 6.7

specimens. The three-point bending experiment was conducted
using a microcomputer controlled electronic universal testing
machine (WDW-300E) with the schematic diagram shown in
Fig. 20(a). The bending span Lg was set to be 16 times the rod
diameter, which is 352 mm. The loading speed was set at 2 mm/
min, and the test results are shown in Fig. 20(b), where the marked
load Fg_r = 12.7 kN represents the average from five tests. Using Eq.
(39), the critical bending moment for the 22 mm HFRP rod was
calculated to be 1117.6 N m.

MB—cr:FB—crLB/4 (39)

Table 7 presents the predicted and tested results of the critical
tensile load and bending moment of ¢22 mm HFRP rods. The errors
of the two critical loads are 6.0% and 6.7%, respectively. The pre-
dicted values of critical tensile and bending loads are higher than
the test values. This discrepancy arises because the macro-scale and
meso-scale FEMs did not account for defects in the HFRP rod, such
as uneven fiber arrangement (as shown in Fig. 4(a)) and the
serrated edges of the carbon core layer (depicted in Fig. 1). In the

Cracks generated by the potential failure points

(@) \ S1 N \
(s _ ? (

design of SRS, a safety factor of at least 1.25 is generally required,
rendering the prediction error acceptable. These results demon-
strate that the proposed dual-scale failure criterion can effectively
assesses the failure of HFRP rods.

5.3. Verification of Equivalent fatigue failure evaluation method

Based on the simulation results presented in Section 3.5.1, the
analysis identifies a total of six potential failure points—S1, S2, S3,
S4, Al, and A2—and one hazardous cross section, H1, at the HFRP
rod joint, as illustrated in Fig. 21. The FSM analysis of the joint
components under complex loading conditions reveals that all
these points and cross section have the potential to be destroyed
first. Specifically, as shown in Fig. 21(a), if the points S1 through S4
on the rotary joint fail first, the cyclic loading could induce fatigue
fractures at the joint. Alternatively, if the points A1 or A2, located on
the resin adhesive, fail initially, the HFRP rod at these points may
detach from the adhesive. This detachment will ultimately lead to
complete separation of the HFRP rod from the joint due to adhesive
debonding, as shown in Fig. 21(b).

As shown in Fig. 21(c), if the cross section H1 fails first, the GFRP
winding layer will initially sustain damage under predominant
tensile and bending loads, resulting in cracks that propagate in
multiple directions. Once the GFRP coating layer is entirely
compromised, the load will be borne solely by the interface be-
tween the GFRP coating layer and the CFRP core layer, specifically
the GFRP winding layer. This scenario will result in the detachment
of the CFRP core layer from the GFRP coating layer, ultimately

Predicted failure modes

I -,

Actual failure modes
ST

(b) \
(

¥I

(c) \
(,

(d) \

(

Fig. 21. Cause for various failures of HFRP rod joints. (a) Rotary joint fracture caused by destruction of points Sl — S4; (b) Adhesive debonding caused by destruction of points Al and
A2; (c) Interface debonding caused by destruction of cross-section Hl; (d) HFRP rod craking caused by destruction of cross-section HI.
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Table 8

Performance of the oil production systems designed by both conventional and concentrated weighting strategies.
Parameters Conventional Weighting (Original) Concentrated weighting (New) Comparison, %
Diameter of HFRP, mm 22 22 0
Length of HFRP, m 1300 2400 84.6
Diameter of sinker bar, mm 22 38 72.7
Length of sinker bar, m 1500 400 -733
Pumping speed, /min 1.60 1.70 6.3
Production rate, m>/day 9.68 9.81 13
System efficiency, % 31.63 31.98 1.0
Max load at upper joint, kN 64.4 59.6 -7.4
Max load at lower joint, kN 55.1 42.8 -22.3
Min laod at lower SRS, kN -10.3 -30.9 —200.0
Max Mg at upper joint, N-m 133 0 —100.0
Max Mg at lower joint, N-m 33.6 0 —100.0
Max Mr at upper joint, N-m 0.7 0 -100
Max Mr at lower joint, N-m 19 0 —-100
Production cycle, day 67 512 664.2
Failure mode Interface debonding in HFRP rod of the lower joint No failure yet —
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Fig. 22. Comparison of loads and FSM of SRS under conventional and concentrated weighting strategies. (a) Dynamometer cards; (b) Instantaneous input power of motor; (c) Axial

loads; (d) Bending moments and torques.

leading to the separation of the HFRP rod from the joint due to
interface debonding. Moreover, the propagation of cracks in the
GFRP coating and winding layer along the axial direction outside
the joint may induce cracking in the HFRP rod near the joint, as
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depicted in Fig. 21(d). The actual failure mode of the HFRP rod joint
in practical applications aligns with the FEM prediction results,
thereby validating the accuracy and effectiveness of the finite
element analysis for the HFRP rod joint.
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Fig. 23. FSM of upper and lower joints.

5.4. Solutions and field tests

From the above analysis, it can be concluded that the root cause
for the observed multi-mode failures in the joint is the sensitivity of
the joint and HFRP rod to the bending moment and torque caused
by the SRS dynamic buckling. Additionally, the presence of multiple
potential failure points within the joint due to stress concentration
further exacerbates the failure modes. Based on this conclusion, a
design strategy for a mixed SRS comprising HFRP and steel rods
with concentrated weighting is proposed. This strategy involves
employing rods with larger diameters and shorter lengths as sink
bars. This approach ensures that the mixed SRS maintains struc-
tural stability against buckling while simultaneously increasing the
proportion of HFRP rods, thus reducing the overall weight of SRS.
The effectiveness of this proposed design strategy was validated
through application in real-world oil wells. The main parameters of
the oil well for this application are as follows: pump diameter of
38 mm, submergence depth of 1000 m, water content of 63.5%,
allocated liquid production of 10 m>/day, pump hanging depth of
2800 m, belt pumping unit, stroke length of 5 m, Y280S-8 motor
with a power rating of 37 kW, and an inner diameter of the tubing
of 62 mm.

The performance of SRPS, designed by both conventional and
concentrated weighting strategies, is detailed in Table 8, while the
specific loads and FSP of SRS are illustrated in Figs. 22 and 23.

As detailed in Table 8, a steel rod with dimensions of 38 mm in
diameter and 400 m in length was employed as the sinker bar,
replacing the original weighting rod. The measured dynamometer
cards for the two SRPS are illustrated in Fig. 22(a). In the new SRPS,
the utilization of HFRP rods with a larger length results in reduced
stiffness of SRS, which consequently decreases the effective stroke
of the plunger. To maintain liquid production rate, the pumping
speed was increased by 0.1/min, and the liquid production has
slightly increased by 1.3%. Fig. 22(b) illustrates the measured
instantaneous input power of the motor for the two SRPS. The
instantaneous input power of the new system is slightly higher, but
the cycle is shorter and the production rate is slightly higher, so the
system efficiency remains basically unchanged.

As shown in Fig. 22(c), the axial loads in the new SRPS are lower
across the entire HFRP rod compared to the original SRPS. Notably,
the maximum axial load at the upper and lower joints have
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decreased by 7.4% and 22.3%, respectively. Although the new SRPS
experiences a 20.6 kN increase in maximum compressive load at
the SRS bottom, this does not induce extra bending moments or
torques, as it remains below the critical buckling load of the sinker
bar. Fig. 22(d) highlights the additional bending moments and
torques in the original SRPS, peaking at 13.3 N m and 0.7 N m at the
upper joint, and 33.6 N m and 1.9 N m at the lower joint, respec-
tively. In contrast, the new SRPS incurs no such additional stresses.

Based on the SRS loads, the FSM for both the upper and lower
joints is derived, as depicted in Fig. 23. For Nrg = 10°, the FSM values
for both joints in the new SRPS remain positive, whereas the
original SRPS exhibits negative FSM values, particularly for the
lower joint, aligning with the observed debonding at the lower
joint's HFRP rod. The new SRPS can sustain SRS force cycles
exceeding 10%, equivalent to 408.5 days given the pumping speed,
congruent with its current operational period of 512 days without
failure. At Ngg = 10°, both joints in the original SRPS exhibit positive
FSM, indicating a fatigue life potentially exceeding 10° cycles (43.4
days), consistent with its 67-day safe production record. These
observations validate the proposed equivalent fatigue assessment
method. Furthermore, the new SRPS's safe production time extends
664.2% longer than that of the original SRPS, underscoring the ef-
ficacy of the proposed strategy.

6. Conclusions

To enhance the reliability of HFRP rods and their joints, this
study introduces a dual-scale failure evaluation method for HFRP
rods and an equivalent fatigue failure assessment method for HFRP
rod joints. These methodologies enable a thorough analysis of the
mechanical characteristics and failure modes of HFRP components
under complex loading conditions, thereby providing a deeper
understanding of their performance. Key findings reveal that: (1)
Stress concentration at the joint significantly reduces the tensile,
bending, and torsional strengths of HFRP rods to 61%, 12%, and 82%
of their original capacities, respectively. (2) Bending moments lin-
early diminish the tensile capacity of HFRP rods, while torque
initially causes a slight reduction before leading to a sharp decline
in tensile strength. (3) The primary cause of joint failure is the
susceptibility of both the joint and the HFRP rod to bending mo-
ments and torque induced by dynamic buckling of SRS. Leveraging
these insights, the study proposes a novel design method for HFRP-
steel mixed rods with concentrated weighting, aimed at substan-
tially enhancing the service life and reliability of SRS structures.
Field tests and indoor experiments unequivocally showcase the
practical applicability of the proposed method, underscoring its
potential to substantially enhance the durability of HFRP rods and
their joints. These findings not only address the critical need for
understanding HFRP rod joint failures but also provides an effective
method for evaluating and designing composite materials with
superior performance.
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Appendix

The off-axis stress transformation matrix is

2 2
0 S G 25%G o0
2 2
0 G S -25C 0
1 0 0 0 0 0
Ty =
o o0 o0 0 S5 G
o o0 0 0 G S
2 2
0 —S5C SsCs S2-C2 0 0

where, Cg = cosf; Sg = sing.
The stress conversion matrix between rectangular CS and cy-
lindrical CS is

0 0 1 0 O 0
S ¢ 0 0 0 25G
C2 S22 0 0 0 -25G
Ter= s @
~S4Cy S4C, 0 O 0 C;—S?
0 0 0 G S O
0 0 0 -S ¢ O
g 0 k<8
1 180° k>8

where 6 is the polar angle of macro critical points; k is No. of macro
critical points.

The stress transformation matrix corresponding to a rotation of
the CS around the Y-axis by angle § is

2 2
2 0 S 0 -25C O
01 0 0 0o 0
2 2
Iyye 2 0 G 0 285G 0
y 00 0 G 0 S
2 2
SsCs 0 —SsCs 0 C3-S2 0
0 0 0 -5 0 G

The stress coordinate transformation matrix when rotating
around axis 1 is
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1 0 0 0 0 0
2 2
0 G S5 0 0 -25C
0 S c? 0 0 25,
T = v v vy
0 0 0 ¢ -S, 0
0 0 0 S G 0
2 2
0 SC -SyCy 0 0 C-5]
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