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For improving the toughness and long-term strength of the fractured rock mass reinforced with epoxy resin and reducing the
opening displacement of the crack tip, three types of converging cracks are established according to the deformation and failure
characteristics of the rock mass, structural planes, and epoxy resin composite structure. &e stress intensity factor of the type II
compound crack and the analytical formula of the crack surface tip opening displacement are obtained. An improved Kelvin
nonlinear creep model is proposed. &rough the creep isochronous curve, the time and long-term strength of accelerated creep
failure are obtained, as well as creep rupture coupling characteristics. &e ductile plastic deformation is used to characterize the
toughness, and the toughness of epoxy resin is enhanced by adding mud powder, and the relationship between toughness and
long-term strength is established. Combined with experimental verification, when the drying mud powder content is 20%, the
toughness of the epoxy resin has a good correlation with the long-term strength; when the mud powder content exceeds 30%, its
ductility and long-term strength decrease, and at the same time the toughness effect is significantly weakened.&e research results
can provide a useful reference for toughened epoxy resin to strengthen fractured rock mass engineering.

1. Introduction

Epoxy resin is a kind of organic polymer compound, which
has the advantages of high strength, impact resistance, and
high hardness. It is one of the most commonly used engi-
neering plastics. In addition, it is widely used in building
waterproofs, mechanical parts, toys, shell materials, and
other fields. At present, the research of epoxy resin focuses
on toughening, water resistance, fatigue mechanics, engi-
neering reinforcement, and so on. Many scholars have
carried out a lot of theoretical and experimental research
studies [1, 2]. Subsequently, they have made a lot of research
achievements in toughening measures, fracture deformation
characteristics, long-term strength, and so on. &ey have
developed glass fiber epoxy resin, steel fiber epoxy resin, steel
fiber epoxy resin, steel fiber epoxy resin, and so on. Nano
epoxy resin, and other new composite resin functional
materials [3], which can further improve the mechanical

properties For example, Yang et al. [4] obtained that when
the content of silicone rubber was 6 phr, the heat resistance,
rheological properties, and impact strength of the mixture of
four curing agents and ABS/MVQ reached the best; Xu et al.
[5] put forward a toughening method of epoxy resin through
a large number of mechanical experiments, which has been
effectively applied in many projects; Peng et al. [6] suc-
cessfully applied epoxy resin as structural adhesive in
building reinforcement and fully mobilized the strength of
concrete. &e above research results are all based on the
instantaneous toughening strength of epoxy resin and crack-
free reinforcement materials. &e mechanical properties and
strength of cementitious materials are studied under the
assumption that cementitious materials are continuous
media and only linear rheological properties are considered.
However, in the engineering practice of epoxy resin
strengthening, underground building structures, fragmental
rock structures, and underground caverns, there are many
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factors such as poor geological environment conditions,
significant structural discreteness and large deformation of
reinforcement materials and various forms of crack ex-
pansion which are bound to have an important impact on
the ductile plastic deformation and long-term strength of
epoxy resin. In addition, the relationship between epoxy
resin toughening and long-term strength is complex, and it
is difficult to monitor in real time. At the same time, many
problems such as long-term strength, composite converging
crack deformation, accelerated failure time, and ductile yield
failure of epoxy resin reinforced composite have not been
solved, and there are few related literatures. Based on the
deformation evolution characteristics and isochron curves of
three kinds of converging cracks, a nonlinear element model
is established, and then theoretical derivation and experi-
mental verification are carried out to obtain the stress in-
tensity factor, opening displacement, and fracture
accelerated deformation failure time of the strengthened
structure. Furthermore, the correlation expression between
toughness and long-term strength is established, which
provides a reference for the toughening and strengthening of
epoxy resin. In the present article, the theory of fracture
creep coupling mechanical properties of reinforced struc-
tures and the engineering application of composite resin
functional materials can be used for reference.

2. Mechanical Properties and Strengthening
Mechanism of Hard and Brittle Materials

2.1. Failure Characteristics. &e hard brittle mechanical
properties of epoxy resin refer to that under the peak load;
when the failure occurs, the deformation is small and the
time is short. &ere are only two processes of elastic stage
and strength failure; especially under the action of over-
weight load, the brittle failure is more significant [2, 7],
which is different from the ductile yield platform and re-
sidual strength when the rubber plastic failure occurs. Si-
multaneously, the two failure forms are shown in Figure 1.

Epoxy resin molecules have an adsorption effect and can
adhere to solid materials after chemical reaction with the
curing agents. It is often used to fill cracks inmetal, rock, and
ceramic structures, such as concrete crack repair, under-
ground tunnel crack rock reinforcement, and underwater
concrete crack seepage prevention. &en, the crack rock
reinforcement is shown in Figure 2.

According to the plastic failure characteristics of epoxy
resin, the method of improving ductility deformation is
used to prevent hard brittle failure. &e composite ma-
terial modification is one of the effective measures to
improve ductility, such as adding polymer toughening
agent, particle material, and fiber materials [7]. After
modification, the toughness of epoxy resin increases, but
the cracks of the fractured rock mass will still nucleate and
expand under long-term load. &us, the crack propagation
condition, propagation morphology, accelerated defor-
mation, and fracture time of this kind of composite crack
are difficult problems in the long-term strength study of
epoxy resin reinforced fractured rock mass.

2.2. Toughness Characteristics. Epoxy resin often increases
toughness and adhesion by adding organic polymer tough-
ening agents such as carboxyl terminated liquid nitrile rubber
and liquid silicone rubber.&ese composites still have a certain
bond strength after serving in a warm and humid environ-
ments for a period of time. However, the quantitative char-
acterization of epoxy resin toughness and its relationship with
long-term strength are rarely reported. Some scholars use the
plastic deformation at yield failure or the reduction of ultimate
deformation to characterize toughness, namely, deformation
toughness. Some scholars also use plastic yield limit to
characterize toughness, that is, strength toughness. &e
physical meaning of these two characterization methods is
clear, and both plastic deformation and yield strength can be
obtained through experiments [5, 8]. However, under different
loads, the strength and plastic deformation rate of toughened
epoxy resin are different, and the toughness error charac-
terized by instantaneous value is also large, which has been
confirmed by engineering [8]. According to the ductile failure
characteristics of toughened epoxy resin, it has its advantages
to characterize the toughness by aging plastic deformation,
which can track the time-varying characteristics of toughness
in real time. When the accelerated failure occurs, this plastic
deformation is the maximum extent of toughness. At the same
time, it can also fully consider the time-varying characteristics
of deformation and failure of toughened epoxy resin:

RT � εp(σ, t), (1)

RTmax � εp σ, tp , (2)

Brittle failure

¦Ò

Ductile failure

ε

Figure 1: Fracture model.

Rock mass

Filled epoxy

Figure 2: Filled crack and adhesiveness of epoxy.
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where RT is the toughness of epoxy resin, εp is the plastic
deformation and is related to the external load and time, σ is
the external load, and t and tp are the time and accelerated
deformation failure time, respectively.

2.3. Fracture Characteristics. Rock mass is the product of
geological process. In the process of rock forming, a large
number of microstructures such as fractures and cracks are
formed. With the influence of artificial activity, these mi-
crostructures nucleate and expand, forming a large number
of converging cracks, which are bound to have an important
impact on the stability of rock mass engineering. &us, the
main forms of this kind of converging cracks are converging
crack tips, converging crack tip and converging crack, and
penetrating crack, as shown in Figure 3.

&e fracture deformation of fractured rock mass is
mainly caused by the tensile shear stress and compressive
shear stress on the fracture surface, which drives the nu-
cleation, expansion, and connection of fractures, resulting in
fracture failure of the rock mass. Under the condition of
external load, the main cracks of the rock mass produce
branch cracks, which exist in the form of airfoil and sec-
ondary cracks, as shown in Figure 2. Additionally, the cracks
are mainly tension shear and compression shear composite
stress states, as shown in Figure 4. &e fracture failure of
tension shear crack is more significant than that of com-
pression shear crack, as shown in Figure 5. &erefore, in this
paper, the fracture mechanics analysis under composite
stress condition is carried out for the intersection of two
symmetrical cracks.

Under the condition of tension shear and compression
shear stress, the local stress concentration at the crack tip of
the fractured rock mass causes the failure of the rock bridge
at the crack tip and forms converging cracks (see
Figure 3(a)). When the stress at the crack tip exceeds the
critical propagation force, it induces the crack tips to
converge to each other (see Figure 3(b)) and increases with
the extension of the plastic zone. &en, the energy of the
crack surface is completely released, and finally the crack
passes through and converges, resulting in the fracture
failure of the cracked rock mass. &e mechanical condition
of the reinforced structure of fractured rock mass is very
complex, which often occurs as I, II, and III mixed mode
cracks. According to the fracture characteristics of rock mass
under tensile and shear stress conditions, this paper studies
the effect of stress intensity factor (SIF) and geometric
distribution of cracks on SIF by using I-II composite cracks
(central crack, diagonal crack, and edge cracks). &e
propagation direction of composite cracks, the geometric
characteristics of three kinds of cracks, the stress intensity
factor (SIF), and the geometric distribution of cracks are
further studied.&e boundary stress conditions are shown in
Figure 6.

Combined with the crack geometry and stress boundary
conditions in Figure 6, the stress intensity factor of rock

mass with symmetrical cracks is obtained by using weight
function analysis [8]:

K � δσ
���
πa

√
sin2 β, (3)

following

δ � 
asinβ

0

σ(x)

σ sin2 β
·

m(c, X)
���������
πasin β/W

 dx,

c �
a

W
sin β,

X �
x

W
,

(4)

where x is the geometric distribution coordinate of the
crack, σ(x) is the crack stress of the rock mass without crack,
σ is the reference stress (only causes the stress intensity
factor and does not show displacement), a is the half length
of the crack, β is the angle between the external load and the
crack, W is the width of the crack, m(c, X) is the weight
function, and c and X are the dimensionless factor,
respectively.

Combined with the knowledge of composite crack
fracture, the stress intensity factors at the point a of themode
I-II composite crack confluence system were established:

KI � δσ
���
πa

√
sin2 β,

KII � δσ
���
πa

√
sin β cos β.

(5)

According to equation (3), the weight function, m(c, X),
is obtained:

m(c, X) �
4G

(κ + 1)σ
���
πa

√
sin2 β

·
zu(c, x)

za
, (6)

following

κ �

3 − 4v, plane strain,

3 − v

1 + v
, plane stress,

⎧⎪⎪⎪⎨
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(7)

where u(c, X) is the opening displacement at the crack
surface tip, a is the half length of the crack, and G is the shear
modulus.

&e opening displacement of the crack tip, u(c, x), is
obtained from the load stress condition in Figure 6:

u(c, X) �
σc sin2 β

����
2E
∗√ 4δ(c) +

�
2

√
πΦ(c) − 8/3cδ(c)

2/5
 

· 1 −
x

a sin β
 

3/2

,

(8)

following
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where ε is the variable and E and v are the elastic constants of
the material.

Discreteness occurs in the calculation of the dimen-
sionless factors influenced by the crack width. For the mode
I and mode II crack, the increase in crack width will decrease
the stress intensity factor. &e increase in the angle will
impair the influence of the crack width on the factor.

According to the opening displacement of the crack tip the
angle between the crack propagation, the external load was
proposed (equation (6)).&en, two symmetric coalesced cracks
will propagate along the symmetric axis. For the three coalesced

cracks, the same conclusion can be drawn. &erefore, under
certain external load and boundary stress conditions, the stress
intensity factor of the converging crack is affected by the angle
between the external load and the crack surface and the ratio of
the crack half-length to the crack width.

3. Creep Mechanics and Long-Term
Strength Characteristics

3.1. Strength of Fractured Rock Mass. Rock mass is a natural
structure composed of rock and structural plane. &ere are a
lot of weak structural planes such as joints, fissures, and
faults in engineering rock mass. Structural plane determines
the strength and stability of rock mass. &erefore, con-
trolling the deformation and improving the stability of
engineering rock mass are mainly realized by strengthening
the strength of structural plane and improving the me-
chanical parameters of rock mass. &en, epoxy resin as a
grouting material can increase the shear strength of

(a) (b) (c) (d)

Figure 3: Distribution of crack rock mass: (a) cracked rock mass; (b) converging crack tips; (c) converging crack tip and converging crack;
(d) penetrating crack.
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Figure 4: Distribution of stress concentration at crack region.

Stress concentration

Coalescence cracks

Figure 5: Distribution of stress concentration at crack region.
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fractured rock mass, improve the overall strength of rock
mass, and control the deformation of rock mass, which is
widely used in the reinforcement of fractured rock mass.

3.2. Creep and Long-Term Strength. Creep is the inherent
mechanical property of rock mass material, and it is the
development of deformation with time under external load.
When the creep load exceeds the long-term strength of rock
mass, it will produce accelerated deformation characteristics.
At the same time, the engineering rock mass is still in a
complex underground environment for a long time, so the
long-term strength determines the time-dependent defor-
mation and stability of the rock mass structure.

At the initial stage of reinforcement, the resin rock mass
structure presents transient elastic-viscous deformation,
which gradually recovers and the bonding effect increases
with the development of time. With the further increase in
the load, the structural stress of the resin rock mass is ad-
justed, and the cracks creep to reach the plastic shear yield
condition. As a result, the resin and the rock mass will break
off and be destroy. According to the deformation compo-
sition of resin rock mass structure and the shear failure
criterion of fractured rock mass, combined with the
Mohr–Coulomb plastic yield condition, M-C element is
used as a nonlinear creep element and connected in series
with the classical Kelvin element to form the generalized
Kelvin nonlinear creep element model [9]. &e improved
creepmodel has a simple structure and few components.&e
model parameters can be easily identified by experiments,
integral transformation, polynomial fitting, and other
methods. At the same time, the improved model can ef-
fectively characterize the three-stage creep characteristics of
resin rock mass structure. &e improved nonlinear creep
model is shown in Figure 7.

According to the theory of the nonlinear element
model, the creep formulas of linear Kelvin body and
nonlinear M-C body are obtained, in which the nonlinear
element is mainly represented by the nonlinear viscosity
coefficient.

Linear Kelvin body:

Sij � 2ηij

_e + 2Geij, (10)

ε
•
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σ

〈η(t, σ)〉

τ
τf

 

n

. (11)

(1) <η(t, σ)> �∞ σ < σg

(2) <η(t, σ)> � At(ln t0/t + 1) + B[arctan(ln σ/σt
′) +

π/2] σ ≥ σg

Nonlinear M-C body:
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−
1
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volδij, (12)

e
p
ij � sij

1
2G

p +
1
k

 dλ , (13)

following

E

¦Ç
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Figure 7: Nonlinearity creep model of the modified Kelvin model.
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Figure 6: Sketch of crack distribution: (a) central symmetric cracks; (b) diagonal symmetric cracks; (c) edge symmetric cracks.
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where k is the creep experimental parameters, A andB are
the creep experimental constants, Sij and eij are the
deviatoric stress and deviatoric strain of toughened resin
rock mass structure, respectively, η is the e viscosity coef-
ficient of toughened epoxy resin, G is the shear modulus, g is
the plastic potential function, δij is the Kirschner symbol,
σ11 and σ33 are the maximum and minimum principal stress
(tensile stress is positive, and compressive stress is negative),
respectively, σg is the plastic yield limit of M-C body, and σt

is the toughen the tensile strength of epoxy resin.
Mohr–Coulomb plastic yield conditions are as follows:

f �
1
3
I1 sin ϕ − cos θσ +

1
�
3

√ sin θσ sin ϕ 
��
J2


, (15)

following

θσ �
1
3
sin− 1

−
3

�
3

√

2
J3
��
J2


( 

3
⎡⎣ ⎤⎦, (16)

where I1 is the first invariant of stress tensor a and J2 and J3
are the second and third invariants of stress bias.

Combined with equations (10)–(13) and (15), the im-
proved nonlinear creep model equation is obtained by using
the principle of strain addition.

eij �
Sij

2G
1 − exp −

G

η
 t  + sij

1
2G

p +
1
k

 dλ . (17)

Considering the plastic yield failure condition of rock
mass, the accelerated creep failure time of toughened epoxy
resin is obtained:

tF � t0 +
1


l/2
0 kε0/d exp(πdx) − τ0

,
(18)

where t0 is the initial time of accelerated creep, τ0 is the
initial bond strength of the toughened resin rock mass
structure, and ε0 is the initial strain of accelerated creep.

In the parameter identification of the improved
nonlinear creep model, the model calculation parameters
and long-term strength are usually obtained according
to the creep curves and creep isochronal curves of dif-
ferent loads, &e isochronous curve is shown in Figure 8
[10].

&en, by incorporating equations (17) and (18) into
equation (1), the aging toughness of toughened epoxy resin
is as follows:

RT �
Sij

2G
1 − exp −

G

η
 t  + sij

1
2G

p +
1
k

 dλ . (19)

By substituting the accelerated creep failure time into
equation (19), the relationship between long-term length
and toughness is further obtained as follows:

F(∞) �
RT

1/2G 1 − exp(− (G/η))tp  + 1/2G
p

(  +(1/k)  dλ  
,

(20)

where F(∞) is the long-term length, RT is the toughness, tp

is the accelerated failure time, and k is the creep experi-
mental parameters.

It is obvious that there is a correlation between
toughness and long-term strength. With the increase in
toughness, the long-term strength increases and the
accelerated failure time increases.

3.3. Creep Fracture Coupling Effect of Fractured Rock Mass
Structure. &e fractured rock mass exists in a certain ex-
ternal load environment for a long time. When the stress
exceeds the strength of the rock mass, the accelerated de-
formation of the rock mass fractures, the reduction of
fracture toughness, and the increase in stress intensity factor
will induce the fracture failure of the rock mass. At the same
time, in the process of crack propagation, the strength of
rock cracks decreases, which leads to the acceleration of
creep failure, that is, creep fracture coupling deformation
characteristics.

According to the characteristics of the initial creep
displacement of the accelerated creep failure in equation
(18), the accelerated creep failure time of the reinforced
fractured rock mass in the process of crack propagation is
obtained. Similarly, according to the initial displacement of
the accelerated creep failure, the stress intensity factor at the
tip of the I-II composite converging crack is obtained. At the
same time, the fracture age toughness of epoxy resin
toughened by creep fracture coupling effect can also be
obtained.

4. Experimental Study

&e stress intensity factor (SIF), crack propagation direction,
accelerated failure time, and long-term strength of epoxy
resin toughened and jointed rock mass were studied by
laboratory experiments. In the experiment, the toughening
material is mud powder particles with the mesh number of
50. &e reinforced fractured rock mass is a group of sym-
metrical X-shaped fractured rock mass with the fracture
width of 2mm. &e fracture runs through the whole rock
mass, and the size of rock mass is 200mm× 200mm. &e
mechanical parameters of rock mass are as follows: bulk
density is 25 kN/m3, elastic modulus is 20GPa, Poisson’s
ratio is 0.25, the shear strength index is 35° and 7.5MPa,
respectively, and viscosity coefficient is 300MPa D. &e
mixed liquid is injected into the cracks of rock mass by
syringe. Finally, the displacement load of the reinforced
fractured rock mass is carried out by rock servo pressure
testing machine. &e loading speed is 0.05mm/s, and the
load is graded until the structural failure of toughened epoxy
resin rock mass. During the experiment, the mass ratio of
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slurry powder to epoxy resin was adjusted, in which the
amount of slurry powder was 5%, 10%, 15%, 20%, 25%, and
30%, respectively. &e stress intensity factor and crack
propagation direction at the crack tip are shown in Figure 9.
&e relationship between toughness and amount of
toughened epoxy resin composite with time is shown in
Figure 10.

It is obvious from Figure 10 that the amount of slurry
powder has an important influence on the fracture creep
mechanical properties of toughened epoxy resin. Firstly,
with the increase in the amount of slurry powder, the
ductility and long-term strength increase. When the amount
of slurry powder reaches 20%, the accelerated failure time is
80 h and the toughness reaches 3400 με. With the increase in
the content, the growth rate of ductility and long-term
strength decreases and the accelerated failure time shortens.
When the content is 30%, the accelerated failure time is 70 h
and the toughness is 2100 με. Compared with the maximum
toughness, the toughening effect is reduced by 36%.
&erefore, there is an optimal dosage of slurry powder as the

(a) (b)

t¦Ò
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Figure 8: Isochronal curve and creep properties: (a) ioschronal stress-strain curve; (b) creep curve.
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Figure 9: Distribution of stress concentration: (a) central symmetric cracks; (b) diagonal symmetric cracks; (c) edge symmetric cracks.
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Figure 10: Relationship between toughness and content with time.
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toughening agent. When it exceeds the optimal dosage, the
maximum toughness decreases, and the accelerated defor-
mation and failure time decrease, and the reinforcement
effect weakens. In addition, the content has an important
effect on the fracture creep mechanical properties of
toughened epoxy resin. Firstly, with the increase in the
addition amount, the ductility and long-term strength in-
crease, and the crack propagation speed is slow, and the
expansion angle is small, and on the contrary, the crack
propagation rate increases and the crack propagation angle
increases.

5. Conclusion

According to the geometric distribution and propagation
characteristics of converging cracks, the stress intensity
factor of mode I-II composite crack is obtained. Combined
with the weight function method, the opening displacement
of the crack surface is established.

&e Kelvin nonlinear creep model is proposed, which
can simulate the instantaneous elastic-visco deformation
and visco-plastic deformation of toughened resin rock mass.
According to the Mohr–Coulomb plastic yield condition, an
analytical formula for accelerated creep failure time of
toughened epoxy resin was established. According to the
failure characteristics of toughened epoxy resin, the
toughness evaluation quantity of plastic deformation
characterization was established. Combined with the time-
varying characteristics of deformation and failure of
toughened epoxy resin, the relationship between toughness,
long-term strength, and accelerated failure time of fracture
effect was obtained. &e long-term strength of toughened
epoxy resin under different creep loads was obtained by
creep curves and isochron curves under different loads.

In the cracked rockmass reinforced with epoxy resin, the
amount of slurry powder has an important influence on the
long-term strength, the fracture accelerated failure time, and
toughness of toughened epoxy resin, and there is an optimal
amount of slur powder, so the effect of reinforcement and
toughening is obvious.
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