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a b s t r a c t

Sand and ceramic proppant are the most commonly used materials to keep fractures open during
hydraulic fracturing. Ceramic proppant has higher hardness and sphericity than sand, but it is much
more expensive. To reduce the cost, sands are pumped at the beginning to replace a portion of
ceramic proppants, while ceramic proppants are pumped at the end to support the fracture outlet
where the effective closure stress is large. However, the effective conductivity of the propped fracture
varies with the ratio of these two types of proppants, and it is worthy of laboratory investigation to
determine the optimal substitution ratio of sands for fields with different effective closure stresses. In
this work, the fracture conductivity with various ratios of sands to ceramic proppants is evaluated by
an API standard Fracture Conductivity Evaluation System (FCS-842) under different effective closure
stresses. Experimental results show that the fracture conductivity of the propped fracture decreases
with the effective closure stress due to the crushing of proppants, while the decreasing rate of
fracture conductivity is proportional to the ratio of sands to ceramic proppants within the propped
fracture. Two empirical models are further derived from the results, which can be used to forecast the
performance of fracture conductivity at different effective closure stresses and sand ratios. The findings
of this work can guide people to optimize the sand ratio in the slurry when hydraulically fracturing
the reservoirs at different depths with different effective closure stresses.

© 2020 The Authors. Published by Elsevier 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

The development of low-permeability reservoirs has drawn a
great deal of attention in recent years. To obtain an economic pro-
duction rate from such a reservoir, hydraulic fracturing needs to
be applied to create a fracture network to maximize the drainage
area of the reservoir (Liang et al., 2018; Merey, 2019). During
hydraulic fracturing, proppants are pumped with the fracturing
fluid to keep the created fractures open, and the conductivities of
these propped fractures eventually determine the productivity of
the well (Mittal et al., 2018; Zoveidavianpoor et al., 2018).

Sand and ceramic proppant are two major types of proppants
applied in the field. Comparing to the sand, ceramic proppant
has higher hardness and sphericity, both ensures a large fracture
conductivity especially at high effective closure stress (Zhang
et al., 2017). However, ceramic proppants are typically 3—5 times
more expensive than sands, and they have larger densities that
are unfavorable for the proppant transportation within the hy-
draulic fractures (Maity and Ciezobka, 2019). In a relatively low
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oil price environment, sands, especially the local sands, are sug-
gested to be applied to substitute ceramic proppants despite their
relatively poor performance on providing fracture conductivity.
During hydraulic fracturing, sands are pumped during the pad
injection and/or the beginning of slurry injection, which allows
the proppants to travel far along the created fractures; then,
ceramic proppants are pumped at the end of slurry injection,
which supports the outlet where the fracture widths are large and
thus the effective closure stress (Lei et al., 2005). However, since
the hardness of proppants determines their crushing rates under
different effective closure stresses, the effective conductivity of
the propped hydraulic fracture varies with the ratio of sands to
ceramic proppants. It is worthy of laboratory investigation to op-
timize the sand ratio in the slurry when hydraulically fracturing
the reservoirs at different depths with different effective closure
stresses.

To upscale the findings from the lab to the field, several mod-
els have been built to predict the conductivity of propped frac-
tures. An empirical model of fracture conductivity has been de-
rived based on laboratory measurements on conductivity; more-
over, another semi-empirical model dependent on dimensional
analysis and nonlinear regression has also been developed. These
two models can be used to predict conductivity in the tight gas
reservoirs (Awoleke et al., 2016). A model for one-dimensional
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Table 1
Properties of 20/40 ceramic proppants and sands.
Type of proppants Ceramic Sand

Mesh range (mesh) 20/40 20/40
Bulk density (g/cm3) 1.58 1.59
Apparent density (g/cm3) 2.84 2.63
Average diameter (µm) 617 658.3
Turbidity (FTU) 14 37
Roundness (dimensionless) 0.8 0.7
Sphericity (dimensionless) 0.8 0.7
Acid-solubility (%) 6.9 7
Crushing rate (%) 5 (effective closure

stress = 52 MPa)
9 (effective closure
stress = 28 MPa)

suspension flow of proppant has also been put forward and
verified by the laboratory tests (Keshavarz et al., 2016). Another
new mathematical model has been derived to predict fracture
conductivity and proppant embedment. Moreover, factors affect-
ing the fracture conductivity have been analyzed, e.g., initial
fracture aperture, the diameter of proppant, the elastic modulus
of proppant and fracture wall (Li et al., 2015). Other fracture
conductivity models have also been derived (Wen et al., 2005;
Guo et al., 2008; Hou et al., 2016); however, these models can
only describe the performance of proppants with a unique size
and density, without considering their crashing with time. There
is no model yet describing the performance of proppants with
mixed sizes and/or materials in the propped fractures under
changing effective closure stress.

In this paper, the fracture conductivity of the propped fracture
with various ratios of sands to ceramic proppants is evaluated
in the lab under different effective closure stresses and reser-
voir conditions. Based on the experimental results, two empirical
models are further derived to help people to optimize the sand
ratio in the slurry when hydraulically fracturing the reservoirs at
different depths with different effective closure stresses.

2. Material and method

2.1. Properties of proppants

The proppants used in the experiments are ceramic proppants
and sands, and their key properties are listed in Table 1. The prop-
erties showed in Table 1 were tested by the quality inspection
center in the Tuha oil field (CNPC).

2.2. Experimental equipment

FCS-842, the latest Fracture Conductivity Evaluation System
designed by Core Laboratories Inc., is used to conduct all conduc-
tivity tests in this study. This system can measure the fracture
conductivity under maximum effective closure stress up to 138
MPa (20000 psi) and a maximum temperature up to 177 ◦C
(350 ◦F) using brine or gas, as shown in Fig. 1. The conductivity
cell is designed according to ISO 13503-5.

2.3. Experimental procedure

In this study, the concentration of proppants is 5 kg/m2 (1
lb/ft2), which is identical to the fracturing design in the field. The
temperature is 60 ◦C (140 ◦F), which is identical to the reservoir
temperature. Because the fracturing fluid is at ambient tempera-
ture, the temperature in the formation would be decreased after
pumped the fracturing fluid. Within each group of comparative
experiments, the closure-stress increases from 10 MPa to 40 MPa
with an increment of 5 MPa while all other parameters are kept
the same 2 wt% KCl is used to measure the fracture conductivity,

Fig. 1. Fracture conductivity evaluation system (FCS-842).

and the testing time is 50 h for each stress point according to API
RP 61 (1989). To study the change of fracture conductivity with
various combinations of ceramic proppants and sands, the ratio of
ceramic proppants to sands decreases from 10:0 to 0:10 among
7 comparative experiments in each group.

Fig. 2 is the schematic of the setup for measuring the fracture
conductivity. The detailed procedures are presented as follows.

Step-1: A certain ratio of sands to ceramic proppant is weighed
according to the experimental design.

Step-2: The proppants are placed uniformly on the bottom
steel plate, which is fixed in the conductivity cell. In the field,
ceramic proppants are pumped at the end of slurry injection to
supports the outlet; this is simulated by putting the sands at the
upstream of the cell while putting the ceramic proppants at the
downstream of the cell.

Step-3: After loading the top steel plate, the conductivity
cell is put into the hydraulic load frame. After upstream and
downstream pipelines and 3 pressure transducers (i.e. upstream
pressure, middle pressure and downstream pressure of the con-
ductivity cell) are connected with the cell, confining pressure is
applied onto the top steel plate to simulate the effective closure
stress on the fracture in the reservoir.

Step-4: 2 wt% KCl is injected into the propped fracture in
the conductivity cell at a certain flow rate, differential effective
closure stresses are loaded according to the experimental design.

Step-5: Effective closure stresses are recorded and conductiv-
ities at each effective closure stress are calculated by Eq. (2) as
below.

The permeability of the proppant pack with liquid in the state
of laminar flow can be calculated by Eq. (1) from API RP 27 (1952).

k =
99.998µ · Qs · L

A · ∆P
(1)

Assuming the cross-section area of the proppant pack is a
perfect rectangle, the conductivity of the proppant pack can be
calculated using Eq. (2) from API RP 61 (1989) and ISO 13503-
5 (2006). Many researchers have used this unit to express the
fracture conductivity (Gu et al., 2015; Kunnath Aven et al., 2013;
Palisch et al., 2010; Pearson et al., 2014; Zhan et al., 2020). The
API conductivity cell has a width of 3.8 cm and a length of 12.7 cm
between two pressure ports.

C =
5.555µ · Qm

∆P
(2)
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Fig. 2. Schematic of the setup for measuring the fracture conductivity.

Fig. 3. Morphology of different proppants before the fracture conductivity test
(Left-hand side represents the outlet and right-hand side represents inlet,
ceramic to sand ratio is 4:6 in this case).

3. Results and discussion

3.1. Morphology changes of different proppants after conductivity
evaluation

Figs. 3 and 4 show the morphology of different proppants
within the fracture before and after the fracture conductivity test.
Comparing two figures, it can be noticed that the morphology of
ceramic proppants is almost unchanged, while sands have been
crushed after the test.

Figs. 5 and 6 show the magnified 30 times of sands near
the inlet (i.e., upstream) and ceramic proppants near the outlet
(i.e., downstream) after the conductivity evaluation. It can be
noticed that a large portion of sands has been pulverized (Fig. 5),
which then blocks the pores and pore throats of the proppant
pack. It is not observed on the ceramic proppants, only a few of
which were split into halves (Fig. 6).

3.2. The conductivity of the propped fracture with various sand
ratios under different effective closure stresses

Fig. 7 shows the change of fracture conductivity of the propped
fracture with various ratios of ceramic proppants to sands under

Fig. 4. Morphology of different proppants after the fracture conductivity test
(Left-hand side represents the outlet and right-hand side represents the inlet,
ceramic to sand ratio is 4:6 in this case).

Fig. 5. Crushing of sands near the inlet after conductivity test (ratio of ceramic
proppants to sands is 4:6 in this case).

different effective closure stresses. As can be seen in the figure,
the larger the effective closure stress, the lower the fracture con-
ductivity, and the larger the ratio of ceramic proppants towards
the outlet, the higher the fracture conductivity.

As also shown in Fig. 7, with the increasing effective closure
stress, the fracture conductivities gradually decrease. The case
with 100% ceramic proppants gives the highest fracture conduc-
tivity; with the increasing ratio of sands, the fracture conductivity
all reduces with the effective closure stress. Under effective clo-
sure stress of 10 MPa, the conductivity of propped fracture with
100% ceramic proppants is nearly threefold to that with 100%
sands. Moreover, with the increasing effective closure stress, the
conductivity difference between ceramic proppants and sands
is becoming larger. The conductivity of 100% sand decreases
to zero under effective closure stress of 25 MPa; however, the
conductivity of ceramic proppant is still as high as 150 µm2 cm.

The proppant pack is gradually compacted with the increasing
effective closure stress, which leads to a decrease of fracture
width and fracture conductivity (Wen et al., 2007; Zhang et al.,
2016). At small effective closure stress, higher fracture conductiv-
ity is observed in cases with more ceramic proppants, and this is
attributed to the larger roundness and sphericity of ceramic prop-
pants comparing to sands (Table 1). Large sphericity results in
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Fig. 6. Crushing of ceramic proppants near the outlet after conductivity test
(ratio of ceramic proppants to sands is 4:6 in this case).

Fig. 7. Fracture conductivity of the propped fracture with various sand ratios
under different effective closure stresses.

large pore space, and thus smaller flow resistance. At high effec-
tive closure stress, higher fracture conductivity is also observed in
cases with more ceramic proppants, and this is attributed to the
larger hardness and strength of ceramic proppants comparing to
sands (Table 1). For proppants used in this work, the crushing rate
of ceramic proppants under a stress of 52 MPa is 5%, while the
sands under a stress of 28 MPa is 9%. In the testing environment
with liquid flowing through, their difference in crushing rate is
likely even larger (Palisch et al., 2010).

Fig. 7 also shows that the fracture conductivity in the case with
80% sands decreases to zero under effective closure stress of 35
MPa. Although ceramic proppants are used in this case to support
the downstream of the propped fracture (i.e., outlet), fine grains
of the crushed sands from the upstream can migrate with the flow
downward and plug the outlet. Results indicate that using 20%
of ceramic proppants can enhance the fracture conductivity by
over 30%, meanwhile enhancing the tolerance of effective closure
stress from 25 MPa to 35 MPa; however, it is not enough for
being used in the reservoirs with effective closure stress beyond
35 MPa. Once the ratio of ceramic proppants is increased to 40%,

Fig. 8. Linear fit of experimental results with different sand ratios.

the fracture conductivity can remain above 20 µm2 cm after 300
h of measurement. When more ceramic proppants are used to
prop the fracture, the sands near the inlet are likely to experience
less effective closure stress, and fewer fine grains are generated
from the crushed sands that damage the fracture conductivity
downstream. In the stage of production, the fluid pressure in the
reservoir is different. The fluid pressure near the well hole is
the lowest, farther distance from the well, higher fluid pressure
in the reservoir. Because the effective closure stress equals to
the overburden pressure minus fluid pressure, thus the effective
closure stress near the well hole is the highest. Thus the ceramic
with high strength was pumped in the outlet, which can bear
more strength.

3.3. The relationship between the slope of conductivity with increas-
ing effective closure stress and sand ratio

The reduction rate of fracture conductivity with the increasing
effective closure stress (i.e., the slope of each conductivity curve)
is calculated from linear fitting the data shown in Fig. 7, as shown
in Fig. 8. All slopes of the conductivity curves are then plotted
with the sand ratios of the mixed proppants in each case. Because
we aim is to investigate the impact of sand with the proportion
larger than zero, the combination of zero sand is not included.
As shown in Fig. 9, the slope is found to be linearly proportional
to the sand ratio, as described by Eq. (3). This indicates that
the fracture conductivity decreases faster with the increasing
effective closure stress when less sand is used. Moreover, Eq. (3)
provides a convenient way to estimate the minimal needs of
ceramic proppants in the slurry to keep the hydraulic fracture
conductive in different reservoirs with different effective closure
stress.

S = −0.0434P + 0.2781 (3)

3.4. The empirical formula of fracture conductivity with the increas-
ing effective closure stress

Based on the experimental results, an empirical formula of
fracture conductivity with both the effective closure stress and
the sand ratio in the mixed proppants, as listed as follows.

C = −(0.0434P + 0.2781)σ − 0.0081P2
+ 0.8078P + 118.83 (4)
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Fig. 9. Relationship between the slope of fracture conductivity with increasing
effective closure stress and the sand ratio of the mixed proppants.

Fig. 10. Linear fit of experimental results.

It is worth mentioning that Eq. (3) is the simpler form of Eq. (4)
without considering the influence of the effective closure stress.
To verify the accuracy of the empirical formula, another ex-
periment with the ratio of ceramic proppant to sand is 7:3 is
conducted. As shown in Fig. 10, the new data matches well with
that predicted by Eq. (4), and the error is less than 5%.

4. Conclusions

(1) With the increasing effective closure stress, the fracture
conductivity gradually decreases. The highest conductivity
is observed in the case with 100% ceramic proppants, while
the lowest conductivity is observed in the case with 100%
sands. With the increasing proportion of sand, the fracture
conductivity is decreasing at all measured effective closure
stresses. Observation agrees with the prediction based on
the hardness and sphericity of different proppants.

(2) Under the low effective closure stress, the fracture con-
ductivity with 100% ceramic proppants can be 3 times of
that 100% sands. Moreover, with the increasing effective
closure stress, the conductivity gap between cases with
only ceramic proppants or sands is gradually becoming
wider.

(3) According to the microscopic observation, sands tend to be
crushed into small debris, while ceramic proppants tend to
be crushed into big debris. Thus, the sand-propped fracture
is easier to be blocked by debris, resulting in a sharply
decreased fracture conductivity under the effective closure
stress.

(4) An empirical formula is developed and verified by the
experimental results, and it can predict fracture conduc-
tivity with the increasing effective closure stress and sand
proportion. This formula can help forecast the fracture
conductivity with different sand ratios and effective closure
stresses for field operations.

Nomenclature
σ : Effective closure stress, MPa
µ: Viscosity of the fluid flowing through the

proppant pack, cP
∆P: Pressure drop across proppant pack, kPa
A: Area of cross section, cm2

C: Fracture conductivity of proppant pack, µm2

cm
L: Length between pressure ports on the

proppant cell, cm
k: Permeability of proppant pack, µm2

Mceramic: Mass ratio of ceramic proppant, dimensionless
Msand: Mass ratio of sand, dimensionless
P: Percentage of sand, %
Qm: Flow rate of the fluid through the proppant

pack, cc/min
Qs: Flow rate of the fluid through the proppant

pack, cc/s
S: Reduction rate of fracture conductivity with

the increasing effective closure stress, µm2

cm/MPa
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