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Conglomerate reservoir is a representative reservoir of unconventional oil and gas resources, and hydraulic fracturing is also used
to increase its production. However, the tensile strength of conglomerates with different sizes is various, which has an important
impact on the hydraulic fracture propagation in the conglomerate reservoir. To study the tensile strength difference caused by the
size of conglomerate gravel, some Brazilian splitting tests were conducted. To find the influence of tensile strength difference on
the hydraulic fracture propagation, some true triaxial hydraulic fracturing experiments for layered formations were carried out.
(e concept of the fracture element in conglomerate formations was proposed. (e results showed the following: (i) the tensile
strength of conglomerate rock decreased with the increase of the gravel size, and the average tensile strengths of specimens with
gravel diameters of 2.0–6.0mm and 6.0–20.0mm were 65.5% and 43.6% of that with 0.1–2.0mm diameter, respectively; (ii)
hydraulic fractures easily deflected at the interface of fine-grained conglomerate and medium-grained conglomerate; (iii) hy-
draulic fractures were prone to propagate to the layers with larger gravel sizes, and the smaller the gravel size, the lower the
penetration probability. It is helpful to increase the understanding of the hydraulic fracture propagation under different gravel
sizes in the conglomerate reservoir, and it can provide a reference for well distribution and hydraulic fracturing design.

1. Introduction

Driven by the economic development and world’s energy
demand, the need for unconventional resource development
is gradually growing [1–8], especially shale oil and gas and
unconventional oil and gas [9–11]. (e conglomerate res-
ervoir is a representative unconventional reservoir formed
by rapid deposition near sources [12–14], with the charac-
teristics of low permeability [15], large lithological changes,
and strong heterogeneity [16, 17]. However, the difference in
tensile strength with variable gravel sizes and the distribu-
tion characteristics increase the difficulty in well designing
and understanding the hydraulic fractures propagation di-
rections [18].

(e grain size was one of the most important parameters
affecting the mechanical properties of rocks [19]. Some
researchers studied the relationship between gravel size and

rock strength. Hugman [20] established an inverse rela-
tionship between the rock strength (including the wield
stress) and the mean grain size in carbonate rock. Olsson’s
study [21] showed that the rock strength was inverse with the
square root of the grain size for marble. Yu [22] found that
grain size resulted in different stress concentrations within a
rock; the bigger the grain size was, the stronger the stress
concentration was, and the lower the rock strength was.
Lakirouhani [23] concluded that there was a significant
positive correlation between grain size and tensile strength.
(erefore, the grain size affected the rock mechanical
properties.

From a meso point of view, the gravel in conglomerate
reservoirs was discrete [24], and the gravel size always af-
fected the damage evolution process [25, 26], which in turn
influenced the macroscopic mechanical properties [25] and
the fracturing mode [27] of a rock. In terms of the influence
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mechanism, previous research indicated that the stress
distribution was affected by gravel structure [12, 28–30] and
internal structure strength [24, 31, 32] and then altered the
mechanical properties of conglomerate rock [33] and
fracturing behavior [34]. However, during the rock sample
failure process, the minimum element (fracture element)
and the rigidity of the conglomerate specimen need to be
further discussed.

With the same in-situ stress, the difference in rock me-
chanical parameters affected the hydraulic fracture propagation
[35–40]. (e tensile strength of rock always influenced hy-
draulic fractures propagation characteristics [41–43], including
the height, width, and surface roughness of hydraulic fractures.
(e fracture surface roughness and the fracture complicity
affected the flow resistance, affecting the proppant transport and
distribution [36]. For conglomerate reservoirs, similar to pre-
vious studies on hydraulic fracturing, researchers analyzed the
in-situ stress difference [41, 44], fracturing fluid viscosity [5, 44],
injection rate [5, 41, 44], and rock heterogeneity [41, 44–48] on
the influence of the shape of the hydraulic fractures. Besides,
some studies showed that, due to the gravel size [42, 49],mineral
content [43, 50], and cohesive strength [45, 51–53] differences in
the conglomerate formations, the hydraulic fractures formed in
the fine-grained conglomerate formations were relatively
straight, while for the large-size gravel in conglomerate reser-
voirs, the hydraulic fractures always deflected along with the
gravel interface or generated branch fractures [37, 38], and the
fracture surfaces were distorted [42]. However, the gravel sizes
in a conglomerate specimen were similar in the previous re-
search. In the underground conglomerate reservoirs, the fine-
grained conglomerate and medium-grained conglomerate
formations are often distributed in layers. (e propagation of
hydraulic fracture in layered conglomerate formations has not
been researched yet.

In this study, to find the influence of the gravel size on
the hydraulic fracture propagation in a layered conglomerate
reservoir, some Brazilian split experiments on specimens
with different gravel sizes were conducted firstly, and the
tensile strength was obtained. (e concept of the fracture
element in conglomerate was proposed. Some true triaxial
hydraulic fracturing experiments for layered formations
were conducted, and the influence of tensile strength dif-
ference on hydraulic propagation was analyzed. It is helpful
for understanding the hydraulic fracture propagation under
different gravel sizes in the conglomerate reservoir, and it
can provide a reference for the well distribution and hy-
draulic fracturing design.

2. Experimental Methods and Steps

During the hydraulic fracturing process, the fracture initi-
ation and propagation behavior are closely related to the
rock tensile strength. To study the propagation of hydraulic
fractures in the layered reservoir with different gravel sizes,
some Brazilian split experiments were conducted to get the
tensile strength of conglomerate rocks with three gravel
sizes. (en, the true triaxial hydraulic fracturing experi-
ments were conducted to study the hydraulic fractures
propagation characteristics.

2.1. Brazilian Specimens and Experimental Procedures.
(e gravel reservoirs are often distributed adjacent or
interlaced with sandstone reservoirs. (ere are some tran-
sition zones between gravel layers with different gravel sizes
in conglomerate formations. However, the size of the
transition zone is generally several times the size of the
standard Brazilian specimen. So, it is not suitable to measure
the tensile strength from the transition zone directly in the
laboratory. Instead, all specimens were cored from near
layers (natural conglomerate formations in Liaohe, Liaoning
Province, China) with different sizes of gravels. (ey were
cored from one oil well, with similar depths. All samples
were processed into standard size according to ISRM test
standards [54, 55], and the specific dimensions of all
specimens are shown in Table 1. According to the classifi-
cation criteria of conglomerate recommended by Friedman
[13], the rock can be divided into fine-grained conglomerate
(2.0–6.0mm), medium-grained conglomerate
(6.0–20.0mm), coarse conglomerate (20.0–200.0mm), and
large conglomerate (>200.0mm) concerning the gravel size.
In this paper, the fine-grained conglomerate and medium-
grained conglomerate were studied, and the Brazilian
specimens with different gravel sizes are shown in Figure 1.

(rough the Brazilian tests, the tensile strength of
specimens with different gravel sizes was obtained. As shown
in Figure 1, MTS rock mechanical parameters testing system
was used. Firstly, the specimen was placed in the splitting
fixture. At the initial stage, the sample was precompressed at
a displacement rate of 1.0mm/min to 0.2 kN. (en, the
displacement rate was set to 0.02mm/min, until the spec-
imen failure. During the loading process, the load and time
were recorded. Finally, referring to (1) in the ISRM test
standard [54, 55], the tensile strength of specimens with
different gravel sizes was calculated.

σt �
2Pmax

π DB
, (1)

where σt is the tensile strength; Pmax is the maximum load;D
is the diameter of the specimen; and B is the thickness of the
specimen.

2.2. Hydraulic Fracturing Samples and Experimental
Procedures. If the tensile strength of conglomerate with
variable sizes is different, there will be an important impact
on the propagation of hydraulic fractures. To study the
tensile strength difference caused by the size of conglomerate
gravel and its effect on the hydraulic fracture propagation,
some hydraulic fracturing tests were conducted on manual
layered samples. Because the natural layered conglomerate
rock was difficult to obtain, the specimens for hydraulic
fracturing were manual rocks. (e gravel sizes in the real
conglomerate formation were mainly 2.0–6.0mm and
6.0–20.0mm, which was similar to the fine-grained con-
glomerate and medium-grained conglomerate. From the
lithological analysis, it was found that the weight ratio of
gravel in a conglomerate sample was nearly 60%. (e
specimen dimension was 30.0 cm× 30.0 cm × 30.0 cm. (e
specimens were well mixed by the cement, quartz sand, and
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gravel, at the weight ratio of 1: 1: 2.5. When a specimen was
prefabricated, the gravels of the same size were mixed with
cement firstly. (en, it was sprayed into three layers
according to the gravel size. (e specific layer types of all
specimens are shown in Table 2, and the thickness of each
layer was 10 cm. (e cross section of the specimen is shown
in Figure 1. To make the gravel and cement in the specimen
completely cemented, the prefabricated specimen was cured
for 21 days.

As shown in Figure 1, a true triaxial hydraulic frac-
turing testing machine independently developed by the
China University of Petroleum (Beijing) was used for
hydraulic fracturing experiments. When performing hy-
draulic fracturing, the specimen was placed on the plat-
form of the true triaxial hydraulic fracturing machine
firstly. (en, the confining pressures along three direc-
tions were added according to Table 2. Finally, the frac-
turing fluid was injected into the specimen at the
corresponding rate until the specimen fractured eventu-
ally. During the injection process, the injection pressure
and injection time were well recorded.

3. Results and Discussion

3.1. Tensile Strength Decreased with the Increase of the Gravel
Size. (e tensile strength of specimens with different gravel
sizes is shown in Figure 2. It was found the tensile strength
decreased with the increase of the gravel diameter. (e
average tensile strength of specimens with 2.0–6.0mm and
6.0–20.0mm diameter was 46.6% and 68.4% of that for a
specimen with 0.1–2.0mm diameter, respectively.

Hydraulic fracture propagation was closely related to the
rock tensile strength. In conglomerate reservoirs, there were
two common forms of hydraulic fracture when it encoun-
tered the gravel: perforating and winding the gravel [36].(e
hydraulic fracturing mechanisms were different in the two
forms. When fractures winded the gravel, it needed to
overcome the cohesive strength of the intergranular cement.
However, when fractures penetrated the gravel, it needed to
overcome the tensile strength of the gravel itself and the
cohesive strength of the cement between gravels. (e dif-
ference between the two forms was mainly in the tensile
strength of gravel.

Rock selection and preparation Rock mechanical parameters testing Hydraulic fracturing tests

Figure 1: Experimental procedures and testing systems.

Table 1: Specimen size of different grain sizes.

No. Gravel size (mm) Diameter (mm) (ickness (mm)
1–1

0.1–2.0

25.02 11.62
1–2 25.00 12.40
1–3 24.96 11.62
1–4 25.04 12.46
2–1

2.0–6.0

24.96 15.74
2–2 25.05 17.70
2–3 25.04 15.10
2–4 25.01 13.12
3–1

6.0–20.0

25.03 14.32
3–2 25.02 13.20
3–3 25.05 15.86
3–4 25.00 12.42
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(e typical tensile stress-displacement curves of speci-
mens at the central point with different grain sizes are shown
in Figure 3. Before the peak load, the curve was divided into
three stages: compaction stage, elastic deformation stage,
and instability failure stage. (e formation process of
conglomerate reservoirs led to different internal structures
of the specimens, which ultimately determined the differ-
ences in the loading curves. Regarding the geological origin
of the reservoir, the formation process of conglomerate
reservoirs concluded with the weathering of rocks, the
splitting of gravels, and the sedimentation process. (e
cement between the gravels mainly contained detrital
minerals such as clay, quartz, and feldspar. Mineral distri-
bution characteristics were various, and there were great
differences in the specimens with different gravel sizes.

With the increase of the gravel size, the dividing limit of
the first and second stages became obvious in the loading
curve, and the dividing limit in the second and third stages
was gradually indistinct. In this paper, the fracture element
of the conglomerate specimen was proposed, and it was used
to compare the difference in the fracturing process caused by
the gravel size. Like the concept of the representative ele-
mentary volume (REV), it was defined as the volume range
for which all geometrical characteristics are single-valued
functions of the location of that point and time only [56–59].
(e fracture element in the conglomerate sample was de-
fined to be the minimum element to describe the rock failure

process, including all geometrical characteristics, such as
mineral composition, microfracture, and gravel size. In
detail, the concept of fracture element was illustrated from
three aspects:

(1) As for the geometrical component of the fracture
element, the fracture element contained the gravel in
front of the fracture, the cement near the gravel, and
the adjacent gravels. For the adjacent gravels, due to
the difference in gravel size of the medium-grained
and fine-grained conglomerate specimen, the
number of gravels involved in the element was
various for them.(e number of the adjacent gravels
in fine-grained specimens would be more than that
of the medium-grained specimen.

(2) As for the mineral distribution and the number of
natural microfractures in a fracture element, the
internal heterogeneity affected the rock tensile
strength. It was not difficult to speculate that the
heterogeneity of detrital minerals distribution in a
medium-grained conglomerate specimen was more
obvious than that in a fine-grained conglomerate
specimen. Meanwhile, there were many natural
microfractures among gravels and cement in the
specimen. (e accumulation of the microfractures
was close to the rock tensile strength and fracture
propagation. Due to the large gravel size and a large
amount of cement, the number of the natural
microfracture would be more in medium-grained
conglomerate specimens than that of fine-grained
ones.

(erefore, as shown in Figure 4, for the fine-grained
conglomerate specimen, when the initial fracture occurred,
the fracture element at the front of the microfracture was
several gravels and cement. However, for a medium-grained
or a large gravel size conglomerate specimen, the fracture
element might be only two gravels and cement.

(e fracture element influenced the fracture behavior
of a specimen, such as the tensile stiffness in a Brazilian
splitting test. From a time scale, the fracture element
occurred with the initiation of a microfracture and the
propagation of the microfracture before they accumu-
lated to be a macrofracture. (e tensile stiffness of a
specimen was represented by the slope of the loading
curve in Figure 3. According to the difference of the line
slope, the tensile stiffness at different loading periods was
divided into three loading stages. (at was the com-
pressive stage (1st stage), the elastic deformation stage
(2nd stage), and the plastic-unstable propagation stage
(3rd stage). (e value of the tensile stiffness at each stage is
shown in Figure 5. In the compressive stage, the larger the
gravel size, the more obvious the stress concentration on
the large-size gravel, so the tensile stiffness of the
6.0–20.0 mm specimen was the largest. In the elastic
deformation stage, the specimen was well compacted. As
the gravel size increased, the defects among the gravels
gradually evolved, resulting in microdamage; thus tensile
stiffness was reduced. During the plastic-unstable

Table 2: Experimental parameters of layered conglomerate hy-
draulic fracturing.

No. Layer characteristic Stress (MPa) Injection rate (ml/min)
1# A-B-A 30-16-10 6
2# A-B-A 30-16-10 6
3# B-A-B 30-16-10 6
4# B-A-B 30-16-10 6
Note. A represents 6.0–20.0mm layer and B represents 2.0–6.0mm layer.
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Figure 2: Tensile strength with different grain sizes.
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propagation stage, the damage accumulation in the
medium-grained conglomerate was greater than that in
the fine-grained conglomerate. So, the overall stiffness of
the medium-grained conglomerate was the smallest, and
fracture occurred under a low load.

When a defect occurred, the larger the gravel size was,
the more obvious the stress concentration was, and the
smaller the shielding effect at the front of the fracture [43]
was; then it was easy to quickly accumulate to be a mac-
rofracture. Unlike the medium-grained conglomerate
specimen, due to the randomness of the gravel distribution,
the shielding effect of the fracture front was more obvious

when the microfractures were formed in the fine-grained
conglomerate fracture element. (e expansion of the
microfractures needed to consider the corresponding se-
lectivity, so it increased the tensile stiffness, which in turn
increased the tensile strength.

3.2. Hydraulic Fractures Prone to Extend to the Large-Size
Gravel Layer. To easily distinguish hydraulic fractures, a red
tracer was added to the fracturing fluid during fracturing.
Figure 6 shows the hydraulic fractures of ABA-type layered
specimens. (e layer to initiate the hydraulic fracture was
selected at the fine-grained conglomerate layer. In the 1#
specimen, the hydraulic fractures penetrated the entire
specimen. In the 2# specimen, hydraulic fracture penetrated
the fine-grained conglomerate layer firstly; then it extended
to the medium-grained conglomerate layer.

(e hydraulic fractures of the BAB-type layered speci-
mens are shown in Figure 6. Hydraulic fractures of 3# and 4#

specimens tended to a single-wing propagation. (e un-
dulation frequency of the hydraulic fracture surface was
significantly smaller than that of the ABA-type layered
specimens.

Figure 6 shows that the undulation frequency of the
hydraulic fracture surface of the fine-grained conglomerate
layer was high, which will affect the migration and place-
ment of proppant [36].(e reasons for the high frequency of
undulation were summarized as follows:

(i) (e tensile strength of medium-grained conglom-
erate was low, and the probability of hydraulic
fracture penetrating the gravel was high. During
hydraulic fracturing, the hydraulic fractures might
wind or penetrate the gravel. (e undulation fre-
quency of the hydraulic fracture surface was affected
by the penetration ratio. When hydraulic fractures
are winding gravel, the undulation frequency of the
hydraulic fracture surface increased and swung, and
the magnitude was near to the gravel size [36].
Although the size of medium gravel was larger than
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Figure 3: Central point tensile stress vs. displacement curve for
specimens with different grain sizes.
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Figure 4: Fracture element of the conglomerate specimen: (a) fine-
grained; (b) medium-grained.
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that of fine size, due to the high rate of penetration in
medium gravel, the frequency of fracture surface
undulation was small.

(ii) From the perspective of rock mechanics, hydraulic
fractures propagated step by step. (at is, a fracture
formed inmultiple steps, and the difference in tensile
strength affected the fracture propagation rate. (e
higher the tensile strength was, the more the energy
was needed to accumulate, and the slower the
fracture propagated. It was more prone for hydraulic
fractures to wind the gravel. It led to an increase in
the frequency of the fracture surface.

3.3. 4e Expansion Mode of Hydraulic Fractures at the
Junction of Large and Small Gravels. (e points of A/B/C/D
in Figure 6 were the positions where hydraulic fractures
deflected. (ey were located at the junction of fine-grained
conglomerate and medium-grained conglomerate. (e
difference in the tensile strength of the layers limited the
propagation of the hydraulic fractures. When the middle
layer was the fine-grained conglomerate, the tensile strength
in the middle layer was high.(e hydraulic fracture was easy
to propagate to a layer with low tensile strength, and double-

wing propagation was easy to occur. At the junction of large
and small gravels layers, it was easy for the hydraulic fracture
to wind the gravel.

When the middle layer was a medium-grained con-
glomerate, hydraulic fracture firstly formed in this layer.
(en, it extended to the fine-grained conglomerate layer.
(e hydraulic fracture was prone to extend in a layer with a
lower tensile strength. As we all know, the fracture toughness
and tensile strength of rock were positively correlated. (at
is to say, the fracture toughness for the conglomerate rock
with a larger gravel size was higher than the smaller one. If
the hydraulic fractures propagate to the side with larger size
already, the rate of the stress intensity factor at this side
reaching corresponding fracture toughness would be sooner
than the other side; then hydraulic fracture was more prone
to single-wing expansion. (e deflection radius of the hy-
draulic fracture on the side of the fine-grained conglomerate
was similar to the size of the fine-grained conglomerate
gravel, and the frequency of fracture undulation was high.

3.4. Recommendations for Horizontal Wells Designing in
Conglomerate Reservoirs. Due to the large heterogeneity of
the mechanical properties of conglomerate reservoirs,

Type

ABA 

ABA 

BAB 

BAB 

3D geometryInjection pressure-time linesFracture geometry

Hydraulic fracture

A

A

B

A

A

B

A

B

B

A

B

B

Wellbore

1#

2#

3#

4#

120100806040200
Time (s)

0
5

10
15
20
25
30

Pr
es

su
re

 (M
Pa

)

0
5

10
15
20
25
30

Pr
es

su
re

 (M
Pa

)

300200 400100 5000
Time (s)

0
5

10
15
20
25
30

Pr
es

su
re

 (M
Pa

)

200 600 10008004000
Time (s)

0
5

10
15
20
25
30

Pr
es

su
re

 (M
Pa

)

12040 60 80 1400 20 100
Time (s)

Figure 6: Hydraulic fractures and injection pressure-time lines of layered specimens.
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horizontal wells were mostly used. (e well was advisable
to lay in the layers with large-size gravel. As shown in
Figure 6, the hydraulic fracture surface at the medium-
grained conglomerate was relatively flat. (e undulation
frequency of hydraulic fractures initiating from the fine
gravel layer was relatively high. Relatively flat fractures
were significant to the migration and deployment of
proppants. So, it was recommended to lay wells in a layer
with large-size gravel.

As shown in Figure 7, multiple horizontal wells were
suggested to be set along the vertical direction. Hydraulic
fracturing experiments showed that fine-grain conglomer-
ates limited the fracture height of hydraulic fractures.
(erefore, when conglomerate reservoirs were thick
(>60.0m) or there were many layers of large and small size
gravel, multiple horizontal wells were recommended to be
used. (e schematic diagram is shown in Figure 7. (e
mechanical properties of rocks were different in different oil
fields. (e microseismic technique can be used to test the
high fracture pressure in fine-grained and medium-grained
conglomerate reservoirs; then multiple horizontal wells
based on this can be designed.

4. Conclusions

In this paper, the tensile strength of conglomerate specimens
with different gravel sizes was obtained through the Brazilian
split tests. (en, some true triaxial hydraulic fracturing
experiments were conducted on the layered specimens with
different gravel sizes. (e mechanism of the influence of
gravel size on hydraulic fracture was analyzed. A few con-
clusions are drawn as follows:

(i) (e tensile strength of conglomerate rock decreased
with the increase of the gravel size. (e average
tensile strength of the medium-grained conglom-
erate specimen was about 46.6%–68.4% of the fine-
grained conglomerate specimen.

(ii) (e concept of conglomerate fracture element was
proposed, and the influence mechanism of

conglomerate size on the tensile strength of the
conglomerate specimen was analyzed.

(iii) Due to the difference of the tensile strength with
various gravel sizes, hydraulic fractures were more
likely to extend to the layer with a larger gravel size.
(e smaller the gravel size, the lower the penetration
possibility.

In this paper, only manual hydraulic specimens were
used for hydraulic fracturing experiments. Natural layered
conglomerate rocks can be used for further physical sim-
ulation experiments. It is helpful for understanding the
hydraulic fracture propagation under different gravel sizes in
conglomerate reservoirs, and it can provide a reference for
the well distribution and fracturing design.
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