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ABSTRACT

Carbon/glass hybrid rods exhibit superior tensile strength, low weight, and exceptional corrosion resis-
tance. However, rod splitting presents a considerable challenge to their practical applications, impeding
widespread acceptance. A strength prediction model for carbon/glass hybrid rods was created utilizing a
multi-mode damage constitutive material model. Tensile experiments were conducted to validate the
simulation model, elucidating stress distribution patterns and creating progressive damage evolution laws
to clarify failure causes, thus offering theoretical support for the construction of high-strength rods. The
results indicated that: (1) Experimental data indicated an average tensile load of 452.4 kN, with failure
resulting from brittle fracture and interface debonding; (2) The simulated ultimate tensile load was
439.2 kN, deviating by 3% from experimental values within acceptable engineering accuracy limits; (3) As
displacement increased from 0.3 mm to 0.7 mm, von Mises stresses in the coating layer, —40° winding
layer, 40° winding layer, and core layer rose from 96.4, 62.2, 43.6, and 199.2 MPa to 229.6, 141.6, 111.1, and
472.4 MPa, respectively; (4) The primary forms of damage were interface debonding, matrix cracking,
matrix extrusion, fiber extrusion and fiber fracture. The weak interface strength and asynchronous
deformation between the carbon-fiber core layer and the glass-fiber cladding layer facilitated interface
slip, leading to the premature failure of the winding layer due to a rapid decline in interface load transfer,
ultimately resulting in interlayer splitting failure of the rod.
© 2026 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

compared to steel rods (Bai et al., 1997; Bek et al., 2021). However,
the field investigation found rod splitting which greatly hinders

The advancement of offshore oil and gas resources is essential
for maintaining national energy security. The steel rod, a crucial
component in offshore rod pumping, has drawbacks such as high
density, insufficient corrosion resistance, and accelerated wear
rates (Betts et al., 2019; Qi et al., 2023; Du et al., 2024). Conversely,
carbon/glass hybrid rods possess characteristics such as low
weight, high strength, corrosion resistance, and fatigue resistance,
enabling them to endure high-frequency reciprocating motions in
harsh downhole conditions, leading to a 70% weight reduction
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the widespread application of carbon/glass hybrid rods. Therefore,
it is urgent to study the physical characteristics and damage
mechanisms to provide theoretical guidance for carbon/glass
hybrid rods.

Carbon/glass hybrid rods were initially created in the early
1980s. They were successfully developed in the early 1990s after
nearly ten years of research and development, utilizing specialized
operating equipment and software to integrate carbon/glass
hybrid rods with steel rods (Akpinar and Aydin, 2014; Yan and Cao,
2018). The company utilized carbon/glass hybrid rods in 33
pumping wells from 1991 to 1995 to evaluate their practicality.
The average pump depth was 1444 m, the average pump diameter
was 50.5 m, the length of the carbon/glass hybrid rod constituted
56.8%, the average bottom hole temperature was 42.7 °C, and the
average pump diameter was 50.5 m. Over a period of four years, 45
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tests were administered across 33 wells. The principal failure
mechanisms were rod splitting and joint fracture (Biscaia et al.,
2016; Hasheminia et al., 2019). At the same time, Russia and
Sweden have created a rectangular flexible rod that can be coiled
and packaged without any connections. However, the flexible rod
can only be used for non-corrosion resistant and self-supporting
oil wells, with depths ranging from 1000 to 3000 m (Cox et al.,
2019; Kupski et al., 2019). Delmonte et al. conducted fatigue ex-
periments to assess the residual strength of several rods. The
analysis indicated that the residual strength of glass hybrid rods
was 20%, steel rods had a residual strength of 40%, and carbon/
glass hybrid rods exhibited a remarkable residual strength of 90%
(Delmonte, 1987). Feng et al. studied the effect of process param-
eters on the mechanical and fatigue properties of carbon/glass
hybrid rods. The results showed that the hybrid rod has the
characteristics of light weight, high strength, and fatigue resis-
tance, making it suitable for application in deep-well reservoirs
(Feng et al., 2021). Xian et al. revealed the influence mechanism of
different soaking temperature, liquid pressure and salt solution
concentration on the water absorption performance of carbon/
glass composite sucker rod. The findings indicated that the lon-
gitudinal sucker rod had a lower water absorption rate and a
higher diffusion coefficient compared to the radial sucker rod
(Xian et al., 2024). Menshykova et al. investigated the degradation
resulting from repeated bending loads on hybrid rods by bending
strain tests to assess the bending behavior of the hybrid rod under
varying creep durations (Menshykova et al., 2014; Malmorad et al.,
2020). Firouzsalari et al. investigated the effects of temperature
and water absorption on the interfacial mechanical characteristics
of carbon/glass hybrid rods. With increasing temperatures, the
fracture process transitioned from brittle to ductile (Doitrand
et al, 2015; Firouzsalari et al., 2021; Hou et al, 2022; Al-
Mahfooz and Mahdi, 2023; Wang et al., 2025). Karthik et al.
studied the tensile-tension fatigue characteristics of carbon/glass
hybrid rods consisting of unidirectional carbon-fiber cores and
glass-fiber shells. It was found that progressive fatigue damage
modes occurred at high stress ratios and low levels of stress
variability (Karthik et al., 2022).

To summarize, both domestic and international experts have
extensively studied the mechanical properties of hybrid rods.
However, there is a limited amount of research available on the use
of carbon/glass hybrid rods in offshore oil and gas resources
considering multi-mode damage modes. The failure mechanisms of
fiber, matrix and interface at micro scale cannot be correlated with
the residual strength of hybrid rods at macro scale. Hence, a ma-
terial constitutive model for a carbon/glass hybrid rod was formu-
lated, taking into account various factors such as fiber stretching,
fiber extension, matrix cracking, matrix extension, and interfacial
debonding. The dynamic damage analysis method for carbon/glass
hybrid rods was proposed revealing the failure mechanism and
damage evolution law under multi-mode damage effects.

2. Mechanics experiment
2.1. Specimens structure

Carbon/glass hybrid rods produced by Shengli Xinda Composite
Co., LTD. are manufactured using the pultrusion process. The raw
materials used include carbon fiber, glass fiber and bisphenol A
type epoxy resin, in which the fiber volume fraction is approxi-
mately 70%. Among them, the middle layer consists of two layers
of glass fiber reinforced polymer (GFRP) wound at a 40° angle. The
shape of the external/core interface of carbon/glass hybrid rod is
irregular, approximately circular, which increases the interlayer
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adhesion. The morphology of carbon/glass hybrid rod is shown in
Fig. 1 (Zhang et al., 2024a,b).

2.2. Experimental design

According to GB/T 13096-2008 “Test method for mechanical
properties of pultruded glass fiber reinforced plastic rod” and Q/
SXD 025-2017 “Enterprise Standard of Shengli Oilfield Xinda Pipe
Technology Development Co., LTD.”, carbon/glass hybrid rods with
a diameter of 22 mm, a length of 600 mm. The experimental setup
utilized a WAW-1000F microcomputer-controlled electro-
hydraulic servo universal testing system equipped with digital
closed-loop control. Hydraulically actuated wedge grips were
employed at both clamping ends to prevent localized crushing
damage. Axial tensile loading was applied under displacement
control at a constant crosshead speed of 5.0 mm/min. Testing
proceeded until complete specimen failure characterized by lon-
gitudinal matrix splitting and fiber bundle separation. Load-
displacement data were recorded until specimen rupture. Post-
test analysis included macroscopic fracture documentation using
digital imaging and microscopic characterization through SEM
(Scanning Electron Microscope) to differentiate failure mecha-
nisms between carbon and glass fiber components (Zhang et al.,
2026). Finally, 5 sets of valid test data meeting the requirements
of the standard were selected, and the tensile strength of the rod
was calculated by arithmetic average method, and the nonlinear
characteristics of load-displacement curves and the consistency of
failure modes were analyzed. The tensile test of the carbon/glass
hybrid rod is shown in Fig. 2. The material parameters of hybrid
rod supplied by the manufacturer.

3. Finite element model
3.1. Material constitutive model
(1) Fiber constitutive model

The Hashin criterion is used to simulate fiber stretching failure
and fiber extrusion failure in composite materials (Zhang et al.,
2024a,b).

Fiber stretching damage factor f;:

11 2 712 > 713 2

i () (52) +(52) =
Xt S12 S13

In the formula, 11 is normal stress vector, MPa; 712, 712 is tangential

stress vector, MPa.
Fiber extension damage factor f.:

2
011

fe= <X7C) >1

The initial fiber damage was determined according to Hashin
damage criterion, and the bilinear degraded constitutive model
based on energy evolution was adopted to analyze the influence of
damage factors on property degradation. The bilinear degraded
constitutive model is shown.

Fiber failure factor di§:

e (6‘11 —eqr” )
o(t,c))
(o]

te
€11 (51;(1' ) - &1
in the formula, {9 is fiber fracture strain, %; &
damage strain, %.

(1)

(2)

te
dy; =

(3)

(t) is initial
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Fig. 1. Morphology of carbon/glass hybrid rod with (a) structure, (b) microstructure and (c) preparation. 1: wire rack; 2: preheating system; 3: fiber dipping area; 4: heating mold;
5: braiding machine; 6: pultrusion mold; 7: post-curing heating furnace; 8: traction device; 9: winding device.
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Fig. 2. Flow chart for tensile test of carbon/glass hybrid rod.
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(2) Matrix constitutive model

The Puck criterion is used to simulate matrix separation cracks
and matrix extrusion cracks in composite materials. In parallel with
the fiber direction, there is the possibility of a fracture surface, and
the crack angle ¢ is defined in direction 2. The failure criterion was
determined by analyzing the stress on the surface of the fracture.
The bilinear constitutive model of matrix fracture is shown.

Matrix cracking damage factor f5, (o, > 0):

1oy’ O\ . (m@\?]
t Ly 2 Tnt Tnl
——— 0)° + + |
Im= [(YT Rﬁ‘) on(®) <Ri\L> ( S12 ) }
pt
+ XWUn(g) (4)
Ly
Matrix extension damage factor ff, (on <0):
Py @\ (m@\?] ¥
(R R
" Rﬁ\y RﬁL 512 RA
(5)
Among them,
pi\v _ P P L A Yc 2
ELLlcos? v+ —lsin? w,R 7cos v
RY, R S12 o2(1+p9))
[4
= 21-2¢7 Sinz v = L (6)
75e(0) + 1311(9) (9) + Tﬁl( )

In the formula, ¢ is stress perpendicular to the fiber direction,
MPa; 7y is stress parallel to fiber direction, MPa; @ is fracture angle,

°; R, is fracture strength, MPa; p', |, p¢ ,, p', p} is inclination
parameter.
Equivalent failure strain gy

2 0 2 27-1/2
eMm = 2 | (onbn + ‘ot + bt (7)
Lo |\ Gk Giac Gose
Among them,
0 _ on 0 _ Tnl 0o _ Tn (en)
On = e 1/2,‘[“1— e ]/ernt_ e ]/Zaﬂn_ 7/}nl
() () (1)
@7 _ Ent (8)
Eeq €eq
Matrix fracture factor:
em 0
d= - eq 5 _-eq 9)
€eq — €eq eq

In the formula, eeq = 1/{en)? +¢2, +£2, is element equivalent

strain, (en) = max(0, en), %; eeq is equivalent initial damage
strain, %; L¢c is element feature length, mm; G‘2<C is critical frac-
ture energy release rate when transversely stretched or com-
pressed, N/mm; Giy, Gy3 is in-plane shear critical fracture

energy release rate, N/mm.
(3) Interface constitutive model

The interface damage model adopts cohesive elements, which
are combined with interface element. Crack propagation is
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simulated through the degradation of stiffness in interface ele-
ments. The constitutive model is expressed as follows:

on Kim O O €n
os b=| 0 K 0 [{ e (10)
Ot 0 0 Ktt £t

In the formula, Kyp, Kss and Ky represent the normal and tangential
stiffness respectively, N/mm.

Based on the quadratic stress damage criterion, the initial
damage of cohesive element was estimated. The expression is as
follows:

on 2 Ts 2 Tt 2
MR SR R

In the formula, Ty, Ts, T; represents the cohesive element strength
in certain direction, MPa.

The failure judgment of interface elements is based on the
Benzeggagh and Kenane (B-K) criterion of mixed damage modes.
The formula of B-K criterion is as follows:

(11)

Gs '77
Gic + (Giic — Gic) G =Gc (12)

In the formula, G;c, Gyc are normal and tangential interface failure
critical energy release rate, N/mm; Gg = Gs + Gt,Gr = G + Gs + Gy,
Gn, Gs and G; are normal and tangential interface energy release
rate, N/mm. 5 is material softening index determined by test.

3.2. Numerical simulation model

By using ABAQUS simulation software, a finite element model of
carbon/glass hybrid rods of 22 mm in diameter and 300 mm in length
was developed along with explicit integration algorithms, using
Hashin criterion, Puck criterion and cohesive model as failure criteria
for fibers, matrixes, and interfaces. Among them, the carbon-fiber core
layer, +-40° glass-fiber winding layer and glass-fiber coating layer
adopted a three-dimensional reduced integration element C3D8R. The
interface adopted three-dimensional COHEDS element. The carbon/
glass hybrid rod was meshed using the scanning grid method com-
bined with hourglass control and the neutral axis algorithm.

3.3. Constraints condition

The finite slip method was used to define the global constraints in
the simulation model of carbon/glass hybrid rod. A hard contact
constraint was set for the normal constraint. Tangential constraints
were set as penalty functions with friction coefficients of 0.15. Global
fixed constraints were applied to the left end of the coating layer.
Moreover, the right end of the coating layer was displaced in the Z
direction at a stretching speed of 5 mm/min, while all other di-
rections were fixed. A finite element model of the carbon/glass
hybrid rod is shown in Fig. 3.

4. Mechanical characteristics analysis
4.1. Load-displacement curve

According to the test procedure, the tensile strength tests of
carbon/glass hybrid rods were carried out and the results are
shown in Table 1. The carbon/glass hybrid rod was prone to split-
ting and fracturing. The average tensile load was 452.4 kN, with a
corresponding axial displacement of 1.54 mm. The simulation
model calculated the ultimate tensile load as 439.2 kN, with a
corresponding axial displacement of 1.52 mm. The discrepancy
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Fig. 3. Numerical simulation model of carbon/glass hybrid rod.

between the test results and the simulation results was 3%, caused
by the initial asymmetrical error of the test model and the
installation error of the test fixture. The simulation model yields
lower values compared to the test results when subjected to the
same displacement circumstance. The load-displacement curve of
carbon/glass hybrid rod under tensile load is shown in Fig. 4.

According to the experimental results, there were four stages in
the tensile curve of carbon/glass hybrid rods: fixture pre-
tightening stage AB, linear elastic stage BC, damage evolution
stage CD and failure splitting stage DE.

At the pre-tightening stage AB, as the tensile load increased to
36 kN, the tensile displacement also increased to 0.1 mm. The initial
intermittent between the fixture and the carbon/glass hybrid rod
was eliminated, and the carbon/glass hybrid rod was pre-tightened.

At the elastic deformation stage BC, as the tensile displacement
increased within the range of 0. mm-0.7 mm, the tensile load
increased linearly, and there was no obvious damage on the sur-
face of the carbon/glass hybrid rod. At a displacement of 0.7 mm
and the tensile load reached 211.0 kN, the specimen made a
breaking sound. The glass-fiber coating layer near the fixture
caused interface cracking and fiber breakage. Correspondingly, the
load-displacement curve was slightly bent, indicating obvious
damage on the surface of the glass-fiber coating layer.

At the damage evolution stage, as the tensile displacement
increases within the range of 0.7-1.54 mm, the tensile curve
showed continuous fluctuations, with the bending amplitude
constantly increasing, accompanied by a sharp splitting sound. At
the same time, cracks appeared near the fixture and propagated
perpendicular to the loading direction, leading to partly matrix
failure. Upon reaching 1.54 mm of tensile displacement, the curve
reached the ultimate tensile load of 452.4 kN with the severe

Table 1
Tensile test results of carbon/glass hybrid rod.

splitting sound and the failure of multiple fiber bundles. Then the
tensile load rapidly decreased and entered the failure stage. The
test was stopped, and five tests were repeated. The load-
displacement curve of carbon/glass hybrid rod was recorded.

4.2. Failure morphology

The fracture morphology of the carbon/glass hybrid rod under
tensile load is shown in Fig. 5(a). The fracture morphology in-
dicates that the carbon/glass hybrid rod failure due to brittle
fracture. Among them, the interfaces between carbon-fiber core
layer, glass-fiber winding layer, and glass-fiber coating layer were
completely debonded. The glass-fiber coating layer occurred
several striped cracks along the axial direction, with some glass
fibers pulled out from the matrix. The shear failure of the matrix
occurred near the connection, accompanied by multiple disor-
dered transverse matrix cracks. Moreover, the glass-fiber winding
layer was torn in a helical pattern, while the carbon fiber layer had
no apparent damage. The above results showed that the interface
was the weakest part of the carbon/glass hybrid rod.

4.3. Mechanical characteristics analysis of carbon/glass hybrid rod

The variation of von Mises stress in carbon/glass hybrid rod is
shown in Fig. 6. The distribution of von Mises stress in the glass-
fiber coating layer appeared ladder-like, increasing from the
fixed end to the loaded end. The von Mises stress in the +40°
glass-fiber winding layer was more evenly distributed along the
rod, while the stress near the loading end increased sharply. On the
contrary, there was a maximum concentration of von Mises stress
in the carbon-fiber core layer, decreasing from the fixed end to the

Number Tensile load, kN Tensile modulus, GPa Failure mode

1 421.5 1104 Rod spliting

2 432.2 137.1 Rod fracture at the center

3 453.3 124.8 Fiber fracture at the connection
4 475.2 130.6 Rod spliting

5 479.8 136.4 Rod fracture at the center
Average 452.4 142.1 -
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Fig. 4. Load-displacement of carbon/glass hybrid rod.

loading end. This is because the tensile load acted on the outer
surface of the glass fiber coating layer and was transferred through
the interface to the carbon-fiber layer. Because the carbon fiber
layer has a much higher elastic modulus than the glass fiber layer,
causing relative deformation between the two layers at the
loading end, which results in small amplitude bonding slip at the
interface leading to the release of von Mises stress in the carbon
fiber layer at the loading end.

D=2.0mm

Fiber breakage

Fiber breakage

Petroleum Science 23 (2026) 2175-2187

The distribution curve of von Mises stress along the axial di-
rection of the carbon/glass hybrid rod is shown in Fig. 7. As can be
seen from the figure, for glass-fiber coating layer, when the
displacement was 0.3 mm, the von Mises stress remained stable at
approximately 60 MPa near the axial distance of 0-150 mm, and
rapidly increased to 96.4 MPa at the axial distance of 175-200 mm
with an increase of 60.7%. From 0.3 mm to 0.7 mm, the von Mises
concentration near the loading end was obvious, and the maximum
stress increased to 164.0 and 229.6 MPa, respectively. For the —40°
glass-fiber winding layer, the von Mises stress showed an uneven
“double peak” distribution along the axial direction. At the axial
distance of 0-150 mm from the rod, the von Mises stress remained
stable at around 26.2 MPa. However, near the loading end, the von
Mises stress rapidly rose to 62.2 MPa, reaching 64% of the maximum
stress in the glass-fiber cladding layer. The reduction of the stress
difference was due to the interface bonding force to be overcome
when the external load passed from the glass-fiber coating layer to
the winding layer. With the displacement increasing to 0.7 mm, the
von Mises stress near the loading end of the —40° winding layer
increased significantly, and the maximum stress linearly rose to
141.6 MPa. Similarly, for 40° glass-fiber winding layer, the
maximum stress was 43.6 MPa at the displacement of 0.3 mm. With
the displacement increasing to 0.7 mm, the maximum stress near
the loading end sharply increased, which linearly increased to
111.1 MPa. For carbon fiber layer, as the displacement was 0.3 mm,
the von Mises stress remained constant at 199.2 MPa along the axial
distance of 0~150 mm. The von Mises stress rapidly decreased near
the loading end of 150~180 mm. With the axial displacement
increased to 0.7 mm, the maximum stress was linearly increased to
472.4 MPa, representing a 135.9% increase.

von Mises stress
427.4

354.3
236.2
118.1

High stress zone of
carbon fiber layer

0

991.5
Fiber fracture
7433

495.7

247.9
High stress zone of glass-
fiber coating layer

435.3

326.5

217.7

108.8

Interface debond

440.4
330.3
220.2

110.1

H
H
H
!

Several stripe cracks

Fig. 5. Failure morphology and progressive damage failure process of carbon/glass hybrid rod with (a) failure morphology and (b) numerical failure progress.
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D=0.3 mm

von Mises stress in —40° winding layer, MPa

M I @

70.8 106.2

(d)
D=0.3mm .

2
B

D=0.5mm

D =0.7 mm

von Mises stress in core layer, MPa

i e I @

0 118.1 236.2 354.3 472.4

Fig. 6. The distribution of von stress in carbon/glass hybrid rod under different tensile displacements with (a) glass-fiber coating layer, (b) -40° glass-fiber winding layer, (c) 40°

glass-fiber winding layer and (d) carbon-fiber layer.

5. Progressive damage analysis
5.1. Stress distribution law

The progressive damage cloud diagram of carbon/glass hybrid
rod is shown in Fig. 5(b). It can be seen that at displacement of
0.8 mm, the corresponding tensile load reached 223.7 kN, which
is 50% of the ultimate load (point B in Fig. 4). The load-
displacement curve moved from the linear stage to the fluctu-
ating stage. As the tensile displacement increased to 1.5 mm, the
tensile load reached the limited load 439.2 kN (point C) and von
Mises stress on each layer of the carbon/glass hybrid rod rapidly
increased. The maximum stress in the glass-fiber coating layer
was 9915 MPa. When the tensile displacement reached to
2.0 mm, the glass-fiber coating layer experienced multi-point

2181

splitting along the circumferential direction. The cracks spread
along the fiber direction and pass through the glass-fiber coating
layer to the carbon fiber layer. The stored elastic energy in cracks
was rapidly released, causing the von Mises stress to decrease
quickly to 435.3 MPa. When the tensile displacement exceeded
3.0 mm, the maximum stress decreased slightly, and the micro-
cracks propagated along the interface with intensified longitudi-
nal splitting. The carbon/glass hybrid rod eventually experienced
filament splitting.

5.2. Interfacial debonding mechanism
An analysis of the interface damage evolution law under tensile

displacement of 0.8, 1.5, 1.7, and 2.0 mm was conducted in order to
investigate the sliding mechanism of carbon/glass hybrid rod as
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Fig. 7. The distribution curve of von Mises stress along the axial direction of the carbon/glass hybrid rod with (a) glass-fiber coating layer, (b) —40° glass-fiber winding layer, (c)

40° glass-fiber winding layer and (d) carbon fiber layer.

seen in Fig. 8. To quantify the degree of interface slide, the interface
slip factor was introduced, where 1.0 represents interface slip and
0 indicates no damage at the interface.

At the loading displacement of 0.8 mm, the tensile stress was
lower than the interface shear strength of the carbon/glass hybrid
rod. The loading end of the rod experienced minor amplitude
damage without interface slip. Among them, the —40° winding
layer/coating layer exhibited the highest interface damage degree
with a slip factor of 0.64. At the tensile displacement of 1.5 mm, the
interfacial shear stress maintained a critical equilibrium with the
interfacial shear strength of the carbon/glass hybrid rod. The
interfacial shear stress in the core layer, winding layer and coating
layers grew quickly at the loading end and a small area of interface
slip appeared at the loading end of the interface. At a loading
displacement of 1.7 mm, the sliding path of all interface increased
rapidly to the fixed end. When the loading displacement
approached 2.0 mm, the interface glide path almost aligns with
the rod and the interface of carbon/glass hybrid rod almost
completely separated.

To investigate the microscopic failure mechanism of carbon/
glass hybrid rod, the fracture was observed by SEM shown in
Fig. 9(a). For macro-scale debonding, when an external load was
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applied to the carbon/glass hybrid rod, considering the elastic
modulus of glass-fiber layer is lower than that of carbon-fiber
layer, inconsistent deformation easily leads to local stress con-
centration at the interface between carbon-fiber layer and glass-
fiber layer. When the stress exceeded the interfacial strength,
interfacial shear slip occurred, accompanied by interface
debonding with a small part of interface hole failure. For micro-
scale destocking, complex strain was initially generated within the
epoxy resin and then transferred to the fiber through the epoxy/
fiber interface. The elastic modulus of the epoxy resin is smaller
than that of the fiber, leading to inconsistent deformation of the
fiber and epoxy resin, which results in local stress concentration at
the interface. When the stress exceeded the strength of the fiber/
epoxy resin interface, the interface was prone to debonding and
the formation of holes.

5.3. Fiber fracture mechanism

To investigate the fiber fracture mechanism in carbon/glass
hybrid rod, the development law of fiber fracture factor under
tensile displacement of 0.8, 1.5, and 2.0 mm was examined as seen
in Fig. 10. Among them, a value of 0 with fiber fracture factor
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Fig. 8. Interface failure cloud image of carbon/glass hybrid rod.

indicated no fiber damage, and a value of 1.0 indicated fiber
fracture.

When the tensile displacement is 0.8 mm, the fibers in the
+40° wound layer have serious tensile damage, and the tensile
fracture factor is concentrated at the loading end. The peak frac-
ture factor in the —40° wound layer and 40° wound layer is 0.28
and 0.25, respectively, while the fiber extrusion factor is almost 0.
This is because the current shear stress is less than the interfacial
shear strength, and the layers are stretched synchronously
without extrusion deformation. Due to the small range of interface
damage at the loading end, the effect of interface transfer load is
weakened, and the stress is concentrated in the wound layer,
resulting in tensile damage of the fibers in the wound layer.

When the tensile displacement is 1.5 mm, the peak tensile fiber
fracture factor in the carbon fiber core layer, 40° wound layer
and —40° wound layer is 0.68, 0.58 and 0.70, respectively, and the
fracture factor of the cladding layer rapidly increases to 0.68. At the
same time, fiber extrusion damage occurred at the loading end of
the +40° winding layer and the carbon fiber core layer, while there
was no fiber extrusion damage in the cladding layer. This is due to
the aggravation of the tensile damage of each fiber layer as the
tensile displacement increases to 1.5 mm. A small range of inter-
face slippage occurs in the interface layer near the loading end,
which reduces the load transfer effect at this position, resulting in
partial tensile load acting on the cladding layer, and aggravates the
fiber damage degree of the cladding layer. At the same time, the
shear slip of the interface makes the fibers in the winding layer and
the core layer lose constraint and rebound, resulting in fiber
extrusion damage.

At a tensile displacement of 2.0 mm, the fiber in the cladding
layer experiences increasing damage, whereas the winding layer

and core layer show minimal changes in amplitude. The reason for
this is that the tensile force at this point is greater than the
strength of the interface between the rod. As a result, the interface
starts to slip towards the fixed end, causing a rapid decrease in the
transfer of load. This leads to a concentration of the tensile force on
the cladding layer. Consequently, the fibers in the cladding layer
experience extensive tensile fractures over a large area. At the
moment of fiber splitting, the fibers rebound towards both the
fixed end and the loading end. Fiber compression damage was
seen at both the loading end and the fixed end of the cladding
layer.

The fiber micro fracture morphology is illustrated in
Fig. 9(b)-(c). In the case of carbon fiber, the external force is
applied to the epoxy resin and then transmitted to the carbon fiber
through the interface. A little quantity of carbon fiber is extracted
from the core layer, and the epoxy resin and carbon fiber are firmly
bonded, suggesting a rather strong interface strength between the
carbon fiber and resin layers. As the tensile load increases, the
stress at the carbon fiber/epoxy resin interface cannot be relieved,
resulting in increased tensile energy exerted on the carbon fiber.
When the stress surpasses the strength threshold of the carbon
fiber, the carbon fiber will undergo brittle fracture along the 45°
direction of the shear force. As a result, the load will shift from the
fractured fiber to the adjacent fiber, leading to the fracture of the
surrounding fiber. In comparison to carbon fiber, glass fiber ex-
hibits reduced bonding strength with epoxy resin. This results in a
significant amount of glass fiber being extracted from the resin
matrix. The surface of glass fiber is smooth, with just a minimal
amount of resin adhering to it. The weak interface between the
glass fiber surface and the epoxy resin causes stress relaxation at
the glass fiber/epoxy resin interface. This leads to ineffective
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Fig. 9. The damage microstructure of interface in carbon/glass hybrid rod.

transmission of stress to the glass fiber, resulting in interface
stripping between the glass fiber and the matrix.

5.4. Matrix fracture mechanism

To investigate the matrix fracture mechanism in carbon/glass
hybrid rod, the development law of matrix fracture factor under
tensile displacement of 0.8, 1.5, and 2.0 mm was examined as seen
in Fig. 11. Among them, a value of 0 with matrix fracture factor
indicated no matrix damage, and a value of 1.0 indicated matrix
fracture.

At a tensile displacement of 0.8 mm, the distribution pattern of
matrix cracking factors in each layer aligns with that of fiber
tensile fracture factors. Among them, the severe matrix cracking
damage is seen in the +40° winding layer, where it is steady at
axial positions of 0-225 mm and rapidly increases to 0.95 at
225-300 mm. The matrix in both the core layer and the coating
layer exhibits minimal degradation. This is because, once the fibers
in the wound layer are destroyed, the residual load is transferred
from the fibers to the matrix, causing the matrix in wound layer to
be damaged first. At the same time, the damage caused by matrix
extrusion was not easily detectable, and the highest factor of
matrix extrusion was 0.14, occurring at the winding layer of 40°.

At a tensile displacement of 1.5 mm, the wound layer experi-
ences matrix cracking and matrix extrusion. In the core layer, matrix
cracking and matrix extrusion damage occur within a limited area.
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The peak cracking factor is measured at 0.81. Additionally, the
coating layer shows partial matrix cracking and matrix extrusion
damage at the loading end, with a peak matrix cracking factor of
0.19. As the tensile displacement reaches 2.0 mm, the fiber in the
cladding layer experiences increased tensile fracture, leading to the
formation of cracks and extrusion in the glass fiber cladding layer.
As the tensile displacement reaches 2.0 mm, the fracture of the fiber
in the cladding layer becomes more severe, leading to the formation
of cracks and extrusion in the glass fiber cladding layer.

The microscopic damage diagram of the matrix in the carbon/
glass hybrid rod is shown in Fig. 9(d). Following the breakage of the
fiber, the stress is transported back to the matrix via the fiber
interface due to the presence of residual tensile load. Due to the
low strength of the epoxy resin substance, the matrix is suscep-
tible to shear failure, resulting in the formation of micro-cracks
that are oriented perpendicular to the greatest primary stress.
The matrix exhibits a wavy micro-structure and contains several
discontinuous voids. This occurs during the curing process as a
result of the disparate expansion coefficients between the fiber
and matrix resin, as well as the repulsion of gas molecules, leading
to the formation of pores. Consequently, the load transfer perfor-
mance is compromised, and damage expansion parallel to the fiber
direction becomes more likely. This leads to fluctuations in the
load-displacement curve and a decrease in mechanical property
stability, ultimately resulting in longitudinal splitting and subse-
quent damage.
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5.5. Solution of issues

In summary, the damage mechanism of the carbon/glass hybrid
rod when subjected to tensile load is illustrated in Fig. 12. The
damage mechanism includes:

(1) While the tensile displacement ranged from 0 to 0.8 mm,
the rod remains in a state of linear elastic deformation and
has not experienced any failure. Because the tensile load at
this stage is less than the interfacial shear force. As a result,
the tensile stress is applied to the cladding layer and then
transferred to the carbon fiber core layer through the
winding layer. This process causes deformation in each layer
of the rod. Due to the higher elastic modulus of carbon fiber
compared to glass fiber, the deformation of the cladding
layer and winding layer aligns with that of the carbon fiber
core layer.

(2) When the tensile displacement ranges from 0.8 mm to
1.5 mm, the rod enters the damage deformation stage. The
layers are unable to be deformed synchronously under the
same load due to the higher elastic modulus of carbon fiber
than that of glass fiber. Consequently, the shear stress at
the carbon/glass interface and the concentration at the
loading end increase. The interface at the loading end of the
rod experiences a small area slip, and the effect of the
interface transfer load is diminished when the shear stress
exceeds the interface shear strength at this location. The
rod sustained fiber tensile damage, matrix cracking dam-
age, fiber extrusion fracture, and matrix extrusion fracture.
The tensile load and the interfacial shear force achieve
critical equilibrium when the tensile displacement reaches
1.5 mm, and the corresponding load reaches the peak
tensile load.

(3) When the tensile displacement exceeds 1.5 mm, the rod
enters the damage evolution stage. The winding layer in the
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middle position is severely damaged, and the effect of the
interface transfer load is rapidly weakened, resulting in a
concentrated tensile load on the cladding layer. This is due
to the fact that the tensile load at this stage is greater than
the interfacial shear force of the rod, which causes a large
area of shear slip at the interface of the cladding layer/car-
bon fiber core layer. The compression damage of the fibers
and the matrix is the result of the fibers bouncing back to
the fixed end and the loading end when the cladding layer
separates due to internal stress. Interface debonding, matrix
cracking, matrix extrusion, fiber extrusion fracture, and fiber
tensile fracture are the primary damage modes of carbon/
glass hybrid rods at this stage.

In conclusion, the interlayer hybrid structure of the carbon/
glass composite rod that is currently employed in oil fields. In
accordance with the rod fracture mechanism, the interface slip
between the rod layers is highly susceptible to occurrence due to
the low interface strength and asynchronous deformation of the
interface between the carbon-fiber core layer and the glass-fiber
cladding layer. This results in the initial failure of the winding
layer and the rapid weakening of the interface load transfer effect.
Ultimately, the rod experiences interlayer fracturing failure.
Consequently, the primary factor in enhancing the tensile
strength of a carbon/glass hybrid rod is the prevention of inter-
layer fracturing.

6. Conclusions

The strength prediction model of a carbon/glass hybrid rod was
constructed using the constitutive model of multi-mode damage.
The accuracy of the simulation model was confirmed through
tensile tests. The distribution features were determined and the
damage mechanisms were identified, explaining the reason of rod
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failure on site and offering guidance for enhancing the strength of
carbon/glass hybrid rods. The main conclusions are as follows:

(1) The failure process of carbon/glass hybrid rod was divided into
four stages: fixture pre-tightening, linear elastic, damage
evolution and failure splitting. The average experimental
tensile load was 452.4 kN. The fracture morphology indicates
that the carbon/glass hybrid rod failure due to brittle fracture,
and the interfaces were completely debonded.

(2) The simulation model calculated the ultimate tensile load as
439.2 kN, with a corresponding axial displacement of
1.52 mm. The discrepancy between the test results and the
simulation results was 3%, resulting from the initial asym-
metrical error of the test model and the installation error of
the test fixture.

(3) According to the linear elastic stage, with the displacement
increasing from 0.3 mm to 0.7 mm, the maximum von Mises
stress in glass-fiber coating layer, —40° glass-fiber winding
layer, 40° glass-fiber winding layer and carbon fiber layer,
increased from 96.4, 62.2, 43.6 and 199.2 MPa to 229.6,
141.6, 111.1 and 472.4 MPa, respectively.

(4) Atatensile displacement of 0.8 mm, the carbon/glass hybrid
rod exhibited damage in the form of small matrix breaking.
At a tensile displacement of 1.5 mm, the failure mode
observed was a combination of matrix cracking and fiber
fracture damage. The extent of damage in terms of matrix
extrusion and fiber extrusion was quite little. At a tensile
displacement of 2.0 mm, the primary damage mechanisms
observed include interface debonding failure, matrix
cracking failure, matrix extrusion failure, fiber extrusion
damage, and fiber fracture damage.
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