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Abstract
We investigate the evolution of` fracture conductivity as a function of proppant loading concentration under varying effective 
stresses as an analog to reservoir drawdown. In particular, we define the relative impacts and interactions between proppant 
crushing, proppant embedment, compaction and particle rearrangement and their impacts on fluid transport. Proppant of 
realistic concentrations is sandwiched between split core-plugs of Marcellus shale that accommodates embedment as well as 
rigid steel that excludes it. Impacts of proppant crushing and embedment and roles of particulate transport in fracturing-fluid 
clean-up are defined. Experiments are performed under triaxial stresses with independent control on confining stress and pore 
pressure. Normal loading is incremented to represent reservoir drawdown with conductivity evolution recorded continuously 
via flow-through of brine (20,000 mg/L KCl). Proppant embedment is characterized pre- and post-test by white light optical 
profilometry with pre-and post-test particle size distributions of the proppant defining the impact of proppant crushing. The 
conductivity of propped fractures decreases by up to 95% as effective stress is increased by 50 MPa (7000 psi) . This reduction 
is broadly independent of whether the fracture walls are rigid or deformable. The stress-sensitivity of conductivity is generally 
muted with increasing proppant loading concentration. We normalize fracture conductivities to equivalent permeabilities of the 
proppant pack to directly compare pack permeabilities. Low proppant concentrations return higher permeability at low effective 
stresses but lower permeability at high effective stress, relative to high proppant concentrations. This results since proppant 
crushing and embedment are both mitigated with increasing proppant loading concentration, as more displacement degree of 
freedom are added to the system and provide accommodation for interior compaction and rearrangement. Extended effective 
stress holding times (24 h vs < 1 h) and proppant “aging” exert little impact on transient changes in fracture conductivity.
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•	 Propped shale fracture conductivity decreases as the effective pressure increases. Stress sensitivity reduces with increas-
ing effective stress.

•	 Reduced proppant loading concentration results in greater proppant embedment, increased proppant crushing and greater 
circularity.

•	 The mechanisms for permeability reduction between different proppant loading concentrations (thicknesses) are different.
•	 Where proppants are injected at low loading concentrations, the most effective approach to maintain permeability is to 

reduce proppant embedment.
•	 Where high proppant loading concentrations are attained, the major impairment mechanism is proppant compaction and 

rearrangement.
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1  Introduction

Conventionally, hydrocarbons have been recovered from 
sandstone or carbonate reservoirs where they are trapped in 
well-connected systems of pores and fractures. With recent 
advancements in recovery techniques, such as horizontal 
drilling and hydraulic fracturing, oil and gas can also be 
recovered unconventionally from less-permeable reservoirs 
such as tight sands, coal beds or shale formations. During 
hydraulic fracturing, fluid is injected at high flowrate with 
the resulting pressure buildup inside the borehole driving 
hydraulic fractures and reactivating favorably oriented pre-
existing fractures. Proppants are then pumped in to hold 
fractures open, retaining a high-conductivity flow path for 
oil and gas production (Arthur et al. 2009; Vengosh et al. 
2014). Employing these techniques has driven vigorous 
development in the energy sector over the last 2 decades and 
delivered energy security to the United States. Such reser-
voir stimulation techniques require that propped fractures be 
large, return large increases in permeability and remain con-
ductive over extended reservoir lifetimes as in situ stresses 
and deformations evolve (Mayrhofer et al. 2006).

However, the conductivity of propped fractures may 
decrease dramatically with time, even for dormant wells 
(Cikes 1996). The relative reduction can be up to ~ 95% 
(Palisch et al. 2007). Individually extensive but largely sep-
arate literatures have addressed the principal mechanisms 
controlling the evolution of propped fracture conductivity. 
These include the role of intrinsic mechanical characteristics 
of both rock and proppant, proppant embedment, proppant 
crushing, proppant compaction and particle rearrangement, 
proppant pack concentration (thickness), long term rock 
creep and poroelastic interactions (Yasuhara et al. 2003; 
Weaver et al. 2007; Pope et al. 2009; Terracina et al. 2010; 
Lee et al. 2010; Zhang et al. 2013; Briggs et al. 2014; Wang 
and Elsworth 2018).

The constituent mineral contents of shale influence frac-
ture conductivity (Briggs et al. 2014) with the presence of 
clay minerals presenting the greatest impact—typically in 
creep closure. Clay-rich shales exhibit significant conduc-
tivity reduction under high closure pressures (Zhang et al. 
2015) as impacted by the altering of rock strength and sus-
ceptibility to proppant embedment (Alramahi et al. 2012). A 
variety of different materials have been used as proppants—
both naturally occurring minerals and manufactured com-
posites. By far, natural sand proppant is the most widely 
used and also the least expensive. Conversely, sand proppant 
is less resistant to crushing than manufactured composites, 

especially under high closure stresses, resulting in a poten-
tial loss of function (Beckwith 2011; Liang et al. 2016).

Particle crushing and spalling from fracture walls liberate 
fines that may migrate and plug pore throats. The potential 
for plugging by proppant fines is largely determined by prop-
pant grain shape, grain breakage pattern and stress–strain 
response of the proppant pack and is indexed by the change 
in particle-size distribution (Kurz et al. 2013; Zhang et al. 
2015). An evolving broader particle size distribution and 
range of particle shapes result in tighter packing and denser 
compaction. However, the relative contribution of these fac-
tors will vary, dependent on specific circumstances. Sand 
characterization and crushing tests on Jordan Formation frac 
sand show a permeability reduction of more than 40% at 
a stress of 20 MPa, driven by particle rearrangement and 
compaction that is supplanted by a further 30% decrease 
at 40 MPa driven by particle breakage and size reduction 
(Zheng and Tannant 2016).

Propped fracture conductivity and permeability typically 
increase as proppant loading concentration increases. The 
increase in conductivity is due to the increase in flow cross 
section as nominal permeability remains near-constant. 
However, permeability may also increase as multilayer 
arrangements of proppant provide more contact points to 
resist stress and mitigate proppant crushing and embedment 
and thereby minimize loss of permeability (Wen et al. 2007; 
Zhang et al. 2013; Briggs et al. 2014; Elsarawy and Nasr-
El-Din 2018). Conversely, the increased number of contact 
points may also result in denser compaction, accompanied 
by grain rearranging into closer packing configuration and 
reduction in pore throat diameter and porosity, potentially 
decreasing conductivity.

Additional reduction in conductivity may also evolve over 
the long term—resulting from both enhanced rock creep 
(Zhang et al. 2015) and proppant-pack diagenesis (Lee et al. 
2010; Mittal et al. 2018), in which mechanical stresses and 
chemical compaction contribute to the changes in conductiv-
ity via changes in porosity. Reported reductions range from 
of the order of ~ 19–25% under recreated in situ stresses and 
at room temperature (Zhang et al. 2015) and over a hold-
ing period of 52 h, to of the order of ~ 75% under higher 
temperature and over periods of more than 1000 days (Lee 
et al. 2010)—driven by pressure solution and other thermally 
activated and fluid mediated mechanisms.

A variety of studies have explored the impact of coupling 
mechanisms on the evolution of conductivity in propped 
fractures under varied effective stress states. These stud-
ies offer conflicting views of whether conductivity either 
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increases or decreases as a function of proppant loading 
under incremented effective stress. We address this uncer-
tainty by exploring mechanistic controls on conductivity 
evolution through observations from highly constrained 
experiments.

We measure the evolution of conductivity and other index 
characteristics of propped fractures with changing stress for 
different proppant loading concentrations (thicknesses) as 
an analog to reservoir drawdown. We compare conductiv-
ity evolution between parallel experiments either allowing 
(shale fractures wall) or excluding (steel platens) proppant 
embedment and over the short and long term (24 h). We 
address the following questions: (1) what are the dominant 
conductivity impairment mechanisms for different proppant 
loading concentrations and under incremented effective 
stress? (2) What are the interplays between the impairment 
mechanisms? (3) What strategies are available to mitigate 
conductivity loss?

2 � Experimental Methods

We complete flow-through experiments on split cores con-
taining a proppant pack under recreated in situ stresses. Dif-
ferent proppant pack loading concentrations (thicknesses) 
establish systematic control on conductivity evolution dur-
ing pressure drawdown.

2.1 � Sample Preparation

The Marcellus shale formation extends in the subsurface 
from New York State in the north to northeastern Kentucky 
and Tennessee in the south and is the most prolific natural 
gas-producing formation in the Appalachian basin (U.S. 
Energy Information Administration. “Marcellus Shale Play 
Geology Review”. 2017). We use Marcellus samples that 
contain (XRD) 60.2% quartz, 20.5% muscovite, 13.5% nac-
rite, 4.3% pyrite and 1.5% clinochlore.

A block sample is cored parallel to bedding into cylinders 
50 mm (2 inches) in length and 25 mm (1 inch) in diameter. The 
cylinders are longitudinally split-in-half (Fig. 1b) and the fracture 

Fig. 1   a Schematic of experimental arrangement for the measurement 
of proppant conductivity. ISCO pumps A and B supply controlled 
axial and confining pressures; pump C supplies sample through-
flow with upstream pressure prescribed and resulting fluid flow rate 

monitored; downstream pressure is atmospheric. b Split half-cylin-
drical shale sample. c Cylindrical sample containing fracture surface 
embedded with proppant. d Triaxial pressure vessel (Temco)



3586	 J. Yu et al.

1 3

surfaces are polished using #360 grit sandpaper to provide consist-
ent pre-test fracture surface roughness for all experiments. The 
initial conditions of the shale fractures—specifically surface rough-
ness—are characterized by White Light Optical Profilometry, to 
confirm the repeatability of this aspect of the experiments.

2.2 � Permeating Fluids and Proppants

Brine (20,000 mg/L KCl solution) is used as the permeant, 
representing a typical flowback water that returns to the sur-
face following completion of the hydraulic fracturing process. 
The proppant used for this study is 100-mesh sand—a standard 
material—with a cumulative particle size distribution (PSD) 
in terms of cumulative percentage by both number (left y-axis) 
and by volume (right y-axis) of particles as shown in Fig. 2. 
The corresponding mesh numbers to the particle sizes are 
also provided in Fig. 2. The 100-mesh sand mostly consists 
of sands between 50 and 140 mesh. Proppants are well mixed 
before each experiment to limit particle segregation.

As shown in Fig. 2, the cumulative percentages of the same 
PSD by volume and by number seem surprisingly disparate; how-
ever, they are indeed congruent and consistent. Dependent on the 
equivalent diameter, the pre-test proppant particles are divided into 
three distinct families. These families represent large, intermedi-
ate and small particles of > 200 µm, ~ 50 to 100 µm, and < 10 µm, 
respectively. Assuming 100 spherical proppant particles, then an 
average PSD dictates that ~ 25 will be small particles (< 10 µm), ~ 5 
intermediate particles (~ 50 to 100 µm) and ~ 10 are large particles 
(> 200 µm). According to the cumulative percentage by number, the 
total volume of each size fraction is calculated as

(1)Vtotal =
4

3
�r3 × n,

in which r is the mean particle radius and n is the number 
of particles.

The calculation indicates that the total volume of large 
particles (> 200 µm) is ~ 50 times that of that of intermediate 
particles (~ 50 to 100 µm), and > 1000 times of that of the 
small particles (< 10 µm). This suggests that even though 
there are a large number of small particles, the total volume 
of this size fraction is negligible compared to even the much 
smaller number of larger particles. The volume percentage is 
representative of the overall quantity. Thus, measurements 
of cumulative percentage by number, indeed, agree with the 
observations of cumulative percentage by volume (Fig. 2).

2.3 � Experimental Setup

The experiments are performed in a triaxial testing apparatus 
with independent control on normal stress, pore pressure and 
axial stress. The schematic configuration of the experimental 
setup is shown in Fig. 1(a).

2.4 � Experimental Procedure and Conditions

Conductivity measurements are completed through the fol-
lowing steps:

(1)	 Proppant is placed uniformly between the split halves 
of the shale core (Fig. 1c).

(2)	 The packed sample is loaded into the triaxial pressure 
vessel (Fig. 1d).

(3)	 Axial and normal (confining stress in this configura-
tion) stresses are synchronously incremented and with 
uniform magnitude to the desired value.

(4)	 Conductivities are measured by injection of brine 
(20,000 mg/L KCl solution) at that constant stress.

Fig. 2   Pre-test PSDs in terms of 
cumulative percentage by num-
ber (left y-axis) and by volume 
(right y-axis)
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(5)	 Stresses are incremented to a new magnitude (#3) and 
conductivity measured (#4).

Fluid is injected into the upstream end of the sample 
at constant pressure and discharges from the downstream 
end at atmospheric pressure. The effective stress is defined 
as the difference between the confining normal stress and 
pore pressure (Biot coefficient of unity). The pore pressure 
drop across the fracture is limited to ~ 30 kPa (~ 0.4% of the 
minimal normal stress) enabling the effective stress along 
the fracture to be considered effectively constant. Fluid flow 
rates are sufficiently slow to prevent excessive washout of 
the proppant. Short-term (~ 20–25 min) and long-term (24 h) 
conductivity measurements examine the impact of “aging”. 
Experiments are performed at room temperature (20 °C) 
with both proppants and shale samples are retained dry 
before the experiments.

2.5 � Pre‑ and Post‑experiment Analysis

Fracture surface roughness of the shale samples are character-
ized before then after the experiments by White Light Optical 
Profilometry (Zygo NewView 7300 profilometer, 20 × objec-
tive lens and data processing by Mx software (Fig. 3a)). Fifteen 
randomly-located observation patches (0.836 mm × 0.836 mm 
in dimension) are captured from the surface of each speci-
men. To examine proppant crushing, proppant particles are 
scanned both before then after experiments using high reso-
lution microscopy [Malvern Morphologi G3SE (Fig. 3b)] to 
define particle size distribution and particle morphology.

2.6 � Evaluation of Conductivity and Permeability

Conductivity (C) reflects the fluid transmission capability 
of the entire proppant-filled fracture and is calculated from 
Darcy’s law as

Fig. 3   a 3D white-light optical surface profiler for characterizing sta-
tistical roughness of the fracture surface (modified from Fang et  al. 
2017). b High-resolution microscope-based automated imaging sys-

tem for determining particle size distribution and particle morphol-
ogy (modified from “Size Ranges for Malvern Instruments”)
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where � is fluid viscosity ( 8.9 × 10−4Pas) , L is flow path 
length ( 0.0508m),w is flow path width ( 0.0254m) , Q is flow 
rate (m3∕s) and  Δp(Pa) is the pressure difference between 
the upstream and downstream along the fracture.

The capacity of the proppant pack to transport fluid is 
characterized by an equivalent propped fracture permeability 
(K) , defined as the conductivity (C) normalized by the initial 
fracture aperture (h) . Initial fracture aperture is not measured 
and is difficult to characterize, but may be approximated as 
the ratio of proppant bulk density (kg/m3) to proppant load-
ing concentration (kg/m2), as

where �bulk is 1630 kg∕m3.
Such an equivalent permeability enables direct com-

parison between experiments with different proppant load-
ing concentrations, highlighting the loss of function of the 
proppant itself, as a result of crushing or embedment. How-
ever, this parameter assumes that fracture aperture remains 
constant throughout each experiment even though it will 
decrease with effective stress increments—representing a 
minor artifact in its interpretation. However, previous study 
on fracture aperture evolution vs. effective stress shows a 
nearly proportional fracture aperture to proppant loading 
concentrations, and a linear set of change in fracture aperture 
as a function of increasing effective stress (Fig. 4) (modified 
from Zhang et al. 2017). Therefore, this artifact may impact 
the value of permeability for each parallel experiment but 
will not change the overall trend in response.

(2)C =
�L

w

Q

Δp
,

(3)K
[
L2
]
=

C
[
L3
]

h[L]
= C

[
L3
]
×

�bulk
[
M × L−3

]

cproppant
[
M × L−2

] ,

3 � Experimental Results

We present key observations both pre- and post-experiment 
to compare conductivity and permeability evolution between 
suites of experiments either allowing (shale fractures wall) 
or excluding (steel platens) proppant embedment and over 
both the short- and long-term. Relative contributions and 
interactions of proppant crushing and embedment and prop-
pant compaction in impacting conductivity are defined. 
Experimental variables are effective stress, proppant load-
ing concentration and the embedment characteristics (rigid 
or deformable) of the fracture walls.

3.1 � Role of Effective Stress

An initial effective stress of 1000 psi (6.9 MPa) was first 
applied to the samples and successively incremented by 2000 
psi (~ 10 MPa) to 8000 psi (55.2 MPa) as a maximum stress. 
The fractures were propped by 100-mesh sand at proppant 
loading concentrations of 0.1, 0.25, 0.5 and 1 lb∕f t2(0.49, 
1.22, 2.44 and 4.88 kg∕m2 ) in successive experiments. A 
single layer of this close-packed proppant weighs ~ 0.33 g; 
thus, the proppant loading concentrations used here are 
approximately equivalent to 2 to 20 layers.

Figure 5a, b shows the evolution of conductivity when 
sandwiched between both Marcellus shale and steel, respec-
tively. Conductivity decreases by up to 95% as the effective 
stress increases by 7000 psi (48.3 MPa), broadly independ-
ent of whether the fracture walls are deformable or rigid. 
The normalized conductivities in Fig. 5c, d are normalized 
relative to the conductivity at the initial effective stress, for 
each of the four proppant concentrations. This demonstrates 
that the greatest stress sensitivity is at low effective stress 
which gradually mutes as effective stress is increased.

3.2 � Role of Proppant Loading Concentration

For Marcellus shale, as shown in Fig. 6a, a lower proppant 
concentration results in a higher initial equivalent permeabil-
ity at low effective stress (6.9 MPa), while a higher proppant 
concentration maintains a slightly higher permeability under 
high effective stress (55.2 MPa). The permeability reduction 
is most extreme for the lowest (0.49 kg∕m2) proppant con-
centration. In all cases, the permeability reduction over each 
stress increment reduces as the confining stress increases 
and this sensitivity to stress decreases as the proppant load-
ing concentration increases. For steel, as shown in Fig. 6b, 
the trend is broadly similar, except that a higher proppant 
loading concentration always results in a lower permeabil-
ity than for a lower proppant concentration, over all effec-
tive stresses. It is notable that under the maximum effective 

Fig. 4   Experimental results of fracture aperture vs. effective stress 
for three different proppant loading concentrations with 40/70-mesh 
proppant (modified from Fig. 4 in Zhang et al. 2017)
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stress of 55.2 MPa, all proppant concentrations asymptote to 
a minimum permeability—presumably representing a maxi-
mum limit in compaction.

This distinction demonstrates the effect of embedment 
on fracture conductivity, the mechanism of which will be 
discussed more in detail in Sect. 3.3.

At a given effective stress, permeability should be con-
stant between all proppant loading concentrations, since 

Fig. 5   Evolution of fracture conductivity with effective stress for a Marcellus shale (embedment) and with b steel platens (no embedment). Nor-
malized conductivity (proppant pack permeability) for c Marcellus shale and with d steel platens

Fig. 6   Evolution of fracture permeability both a with embedment (Marcellus shale) and b where embedment is excluded (steel platens)
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permeability is an intrinsic measurement of the state of the 
proppant pack. However, in our experiments, permeability 
increases with a decrease in proppant loading concentration. 
This is consistent with high flow-rate channels developing at 
the interface between the proppant pack and the fracture—
where the packing in contact with the fracture wall is essen-
tially face-centered-cubic rather than body-centered-cubic as 
in the core of the pack (Fig. 7). This would yield an elevated 
permeability for low proppant loading concentrations (thin 
pack) that would decrease as the pack thickened.

3.3 � Role of Embedment

Contrasting experiments with Marcellus shale and rigid steel 
explore the effect of proppant embedment into the fracture 
walls on conductivity and permeability. Table 1 compares 
the topographies of post-test shale fracture surfaces for dif-
ferent proppant loading concentrations relative to the ground 
pre-test surface. Surface roughness parameters include Sa , 
the arithmetic mean height of asperities, Sz , the maximum 
height between peak and valley, and Sq , the root mean square 
height:

(4)Sa =
1

n

n∑

i=1

|
|yi

|
|,

where the roughness profile (Fig. 8) contains a total of n 
equally spaced elevations along a section from the 1st to 
the  ith  sampled elevation along the trace; yi is the vertical 
distance from the mean line to the ith data point; Sp is the 
maximum peak height; Sv is the maximum valley depth; and 
l is the sampling length.

Shale fracture swelling effects are reversible whereas 
embedment due to plastic deformation of the organic or 
clay components is destructive and likely irreversible 
(Meyers 1982). Fractures supported by proppant at the 
lowest concentration (0.49  kg∕m2 ) return the highest 
roughness relative to the pre-test (smooth) roughness, by 
returning the most significant embedment.

In this study, we use Sq as a proxy of the maximum 
depth of embedment for the purpose of quantifying the 
effect. The embedment depth for moderate to high loading 
concentration (2.44kg∕m2 ) is ~ 80% of that of the lowest 
concentration (0.49 kg∕m2) while that for the highest load-
ing (4.88 kg∕m2 ) is only 60% (Table 1 and Fig. 9). This 
indicates that embedment depth decreases with higher 
proppant loading concentration.

An explanation for this observation is that, compared 
with the extreme condition for a single proppant layer, 
where particles are sandwiched and point-contact fixed 
between the two abutting fracture surfaces, a multi-layer 
proppant distribution possesses many more displacement 
degrees of freedom. These added degrees of freedom allow 
the proppant pack to readjust and compact and thereby 
redistribute particle-to-particle loading within the interior 

(5)Sz =
1

l

s∑

i=1

(
Sp − Sv)

)
i
,

(6)Sq =

√√√
√1

n
×

n∑

i=1

y2
i
,

Fig. 7   Illustration of multilay-
ered samples suggesting high 
flow-rate channels developing at 
the interface between the prop-
pant pack and the fracture

Table 1   Surface roughness parameters both pre- and post-test for the 
fracture surface

Sample # Sa(µm) Sq(µm) Sz(µm)

Ground pre-test 0.43 0.56 6.26
0.49  kg∕m2 post-test 8.26 10.54 71.83
2.44 kg∕m2 post-test 6.93 8.71 57.59
4.88 kg∕m2 post-test 4.93 6.37 48.33
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for a more homogenous stress distribution—limiting par-
ticle-to-particle contact stresses.

The ratio of conductivity for the steel fracture relative 
to that for Marcellus shale at each effective stress mag-
nitude is shown in Fig. 10. For a given proppant loading 
concentration, embedment reduces fracture conductivity 
progressively more as effective stress increases. Moreo-
ver, when proppant loading concentration is the highest 
(4.88 kg∕m2 ) the fracture conductivities of both the Mar-
cellus shale and steel remain similar over the full stress 

range—indicating, as expected, the reduced sensitivity to 
stress as the proppant loading concentrations is large.

3.4 � Evolution of PSD

The particle size distribution and circularity of proppants 
evolve during the experiments in response to proppant load-
ing concentrations and the hardness of the fracture surfaces 
(Fig. 11). For the shale fracture, the post-test proppant may 
entrain some shale fragments spalled from fracture walls. 

Fig. 8   Surface roughness profile

Fig. 9   Comparison of surface height and RMS amplitude Sq between the pristine polished/ground pre-test surface and the post-test fracture sur-
face for proppant loadings of a 4.88 kg∕m2 , and b 0.49 kg∕m2
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Apparent from Fig. 11a, b, the particle size distributions 
show impacts of proppant crushing in all experiments, 
regardless of proppant loading concentration or fracture 
wall characteristics. Furthermore, the lowest proppant 
loading concentration (0.49 kg∕m2) exhibits the most pro-
found crushing of proppant, with that degree of crushing 
decreasing as proppant loading concentration is increased. 

Mechanistically, proppant loading concentration impacts 
the potential for the proppant to compact and redistribute 
within the fracture—as a result of the increase in displace-
ment degree of freedom as the pack thickens—especially 
when increased from a monolayer. For a single-layer of 
proppant, individual particles are directly gripped by two 
fracture surfaces—the resulting point loading of grains will 
promote crushing. Conversely, a multilayer distribution pro-
vides more contact points to distribute stress and will reduce 
crushing.

Figure 11c, d shows the evolution of particle circularity 
of both pre- and post-test, for both shale and steel fracture 
walls. Together with the evolution of the particle size dis-
tribution, this suggests that lower proppant loading concen-
trations promote crushing and that an increase in circular-
ity results from this elevated crushing – a counter intuitive 
result. Figure 12 presents the morphology of the proppant, 
post-test, indicating three distinct families, dependent on 
equivalent diameter and shape. These families represent 
large (Fig. 12a), intermediate (b) and small (c) particles 
of ~ 200 µm, ~ 50 to 100 µm, and < 10 µm, respectively. 
The “large particles” are of the same order as the largest 
pre-test particles and thus are considered intact—these 

Fig. 10   Ratio of conductivities as a function of effective stress. Con-
ductivity ratio defined as the ratio of the conductivity of a steel frac-
ture to that of Marcellus shale

Fig. 11   Particle size distribution and circularity of proppants both before and then after experiments for shale: (a, c), and steel: (b, d) samples
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remain circular/spherical in form and may be considered 
as un-crushed. At the opposite end of the distribution, the 
“small particles” are even more round than the “large par-
ticles” with the “intermediate particles” presenting broadly 
irregular shapes that appear incompletely crushed. From 
the post-experiment PSD (Fig. 11a, b), the “large parti-
cles” comprises < 1%, the “intermediate particles” ~ 10%, 
with the “small particles” providing the majority number 
percent at > 80%. We speculate that the large particles first 
break along crystallographic axes into irregular prismatic 
intermediate-sized particles that are structurally unstable, 
due to their aspect ratio, and that these tend to break into 
equiaxed smaller particles. The population distribution is 
a direct result of a small number of large particles (~ 1%) 
producing a larger number of intermediate spalling products 
(> 10%) that then create a very large number of small equi-
axed particles (> 80%) merely as a function of the transition 
from a long slender prismatic parent.

Figure 13 shows the contrasting particle size distribution 
in terms of cumulative percentage by volume. This indi-
cates that even though the small particles (< 10 µm) pre-
dominate the distribution (> 80%) by number percentage, 
they represent only a small fraction of the total particle mass 
or volume (< 1%). The large particles (~ 200 µm) predomi-
nate in the mass distribution (> 50%). It is notable that the 
resulting post-test proppant PSDs are similar between all 
loading concentrations (Fig. 13)—suggesting that the mode 
and severity of crushing is independent of proppant concen-
tration. Overall, this reflects the reduced sensitivity of mass 
percentages relative to number percentages in highlighting 
changes in the PSDs.

Figure 14 shows post-test PSDs in terms of cumulative 
percentage by both number (left y-axis) and by volume (right 
y-axis). Assuming 100 spherical proppant particles, then 
an average PSD for a proppant concentration of 1.22 kg/
m2 dictates that ~ 50 will be small particles (< 10 µm), ~ 5 
intermediate particles (~ 50 to 100 µm) and ~ 1 is large par-
ticles (> 200 µm). The total volume of each size fraction is 

Fig. 12   Imaging of post-test proppants for the lowest (0.49 kg∕m2 ) 
loading concentration obtained from optical microscopy and grouped 
as families of: a “large”, b “intermediate”, and c “small” particles 
of ~ 200 µm, ~ 50 to 100 µm, and < 10 µm, respectively

Fig. 13   Pre- and post-test particle size distribution in terms of cumu-
lative percentage by volume

Fig. 14   Post-test PSDs in terms 
of cumulative percentage by 
number (left y-axis) and by 
volume (right y-axis)
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calculated by Eq. (1). The calculation indicates that the total 
volume of large particles is ~ 10 times that of that of inter-
mediate particles, and ~ 100 times that of the small particles. 
Comparing the pre- and post-test PSDs in terms of cumula-
tive percentage by number, there is an increase in that of the 
small particles from 25 out of 100 to 50 and a large decrease 
in that of the large particles from 10 out of 100 to 1.

Assuming the total volume is only comprised of that of 
the three defined families, the percentage of each in total 
volume is shown in Table 2.

In contrast to the great change in number percentages, the 
volume percentage of each size fraction show less variations 
that the volume of large particle still takes up the majority 
of the total volume (~ 80%). This suggests that even though 
large particles break and produce a great number of small 
particles as a result of extensive crushing, the volume per-
centage of each size fraction is relatively invariant.

3.5 � Long‑Term Behavior

Long-term conductivity tests used proppants at two con-
trasting loading concentrations of 1.22 kg∕m2 and 2.44 
kg∕m2 . Testing conditions and procedures are identical to 
those for the previous conductivity measurements except for 
the holding time for each effective stress step—extended 
from 25 min to 24 h. The long-term equivalent permeability 

(Fig. 15a) exhibits a comparable trend and magnitudes to 
that for the short-term measurements (Fig. 15b).

Table 3 compares the surface roughness parameters for 
the ground pre-test surface relative to the post-test fracture 
surfaces for both short-term and long-term experiments, 
respectively. The proppant loading concentrations are for 
the higher load of 2.44 kg∕m2 for both experiments. This 
shows a 12% increase in embedment depth ( Sq ) as a result of 
long-term exposure, presumably due to rock creep. However, 
the embedment depth remains rather small compared to the 
entire thickness of the proppant pack, inferring a negligible 
influence on conductivity evolution.

4 � Discussion

The experimental observations demonstrate that effective 
stress, proppant loading concentration, proppant embed-
ment, proppant crushing, compaction and rearrangement 
all significantly and systematically influence conductivity/
permeability evolution of propped fractures. However, the 
relative contribution of these factors varies, dependent on 
specific circumstances.

The reduction in conductivity by 95% observed in our 
experiments, over the stress range 6.9 to 55.2 MPa is congru-
ent with the percentage reduction observed in other experi-
ments and over a similar stress range (Barree et al. 2003; 
Palisch et al. 2007)—although the absolute magnitudes 

Table 2   Volume percentage of small (< 10  µm), intermediate (~ 50 
to 100 µm) and large (> 200 µm) particles for both pre- and post-test 
proppants

Pre-test (%) Post-test (%)

Small (< 10 µm) 0.03 0.50
Intermediate (~ 50 to 100 µm) 2.44 19.90
Large (> 200 µm) 97.53 79.50

Fig. 15   Evolution of equivalent permeability during both: a long-term and b short-term experiments

Table 3   Surface roughness parameters of pre- and post-test fracture 
surface after both short-term and long-term experiments

Sample # Sa(µm) Sq(µm) Sz(µm)

Ground pre-test 0.43 0.56 6.25
2.44 kg∕m2 post-test (short-term) 6.93 8.71 57.59
2.44 kg∕m2 post-test (long-term) 7.85 9.82 64.26
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of permeability change are different due to the variability 
between the mechanical properties of fracture and proppant 
materials.

Under low effective stress (6.9 MPa), the low proppant 
loaded fracture conductivity (Fig. 10) is significantly reduced 
by proppant embedment by up to 60%, while the higher prop-
pant loaded fracture is insignificantly affected. However, one 
counter-intuitive observation is that a lower proppant load-
ing concentration results in a much higher permeability 
(Fig. 6(a))—representing the transmission capacity of the 
proppant pack as a porous medium. This is in contrast to 
prior arguments that arrangements of proppants in multiple 
layers allow more contact points to resist stress and favors 
minimal loss of proppant pack conductivity (Elsarawy and 
Nasr-El-Din, 2018). We posit that the increased number of 
contact points may also result in denser packing and a reduc-
tion in pore throat diameter—as a result of the increase in 
displacement degree of freedom as the pack thickens—allow-
ing particle rearrangement and denser packing. Considering 
that proppant crushing and embedment effects are both trivial 
for the high concentration fracture, we conclude that greater 
interior compaction and grain rearrangement are the dominant 
mechanisms contributing to the observed reduction in perme-
ability, resulting from a loss in porosity.

The Kozeny–Carman equation defines fluid flow through 
a packed bed (Foust et al. 2008; Kruczek 2014) and relates 
pressure drop to pack porosity, as:

where Δp(Pa) is the differential pressure, L(m) is the length 
of the packed bed along the fluid flow, �(Pas) is the viscosity 
of fluid, �s is the sphericity of the particles, Dp is the diam-
eter of particles, vs(m∕s) is the superficial fluid flow velocity 
(real fluid flow velocity for single-phase flow), and � is the 
pack porosity. Combining the Kozeny–Carman Eq. (7) with 
Darcy’s law of Eq. (2) relates hydraulic conductivity C to the 
porosity of the proppant pack ϵ, sphericity of the particles �s 
and the particle diameter Dp , as:

where h(m) is the fracture aperture.
The PSD changes significantly as a result of proppant 

loading concentration and stress (Fig. 10a), enabling the 
Kozeny–Carman relation to represent the change in con-
ductivity as a result of particle rupture. We select the 80th 
percentile particle size and circularity for each proppant con-
centration as representative particle diameter Dp and sphe-
ricity �s . Sphericity is related to the 2D proxy of circularity 
(Berrezueta et al. 2019), enabling substitution of circularity 
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for sphericity in Eq. (8), corresponding to the various prop-
pant loading concentrations. This enables proppant pack 
porosity of each proppant loading concentration scenario 
at 55.2 MPa to be calculated (Table 4) from Eq. (8) where 
conductivity of the sample is as measured (Fig. 5(a)).

The porosity distribution of Table  4 indicates that 
under high effective stress (55.2 MPa) the overall poros-
ity decreases with increasing proppant loading concentra-
tion, except for the lowest proppant loading concentration 
scenario ( 0.49kg∕m2 ) that exhibits a slightly lower pack 
porosity. Porosities are not independently measured at 
test-end and any estimates suffer the intrinsic limitations 
of the Kozeny–Carmen relation (Costa 2006; Chen et al. 
2018). Previous observations of the applicability of the 
Kozeny–Carmen relation indicate a functional reliability 
for reservoir rocks with high porosity (~ 0.45), no or little 
cement and relatively homogeneous particle size (Han et al. 
2019)—factors replicated for this uniformly fabricated and 
homogeneous proppant pack.

For high proppant loading concentration, embedment and 
proppant crushing are both significantly attenuated (Figs. 10 
& 11). The decrease in proppant pack porosity with increas-
ing proppant loading concentration indicates a progressive 
impact of interior compaction and rearrangement. This is 
likely attributed to the additional displacement degree of 
freedom accorded as the proppant pack gets thicker—ena-
bling compaction to generate a more efficient packing and 
reduced porosity. Thus, a threshold concentration loading 
will exist, above which, proppant permeability will remain 
effectively constant. This conjecture is supported by obser-
vations of permeability evolution for the rigid steel platens 
as shown in Fig. 6b—where ultimate permeabilities are 
comparable for all proppant loading concentration scenarios.

The lowest proppant loading concentration scenario 
(0.49 kg∕m2 for Fig. 9) shows a significant (76%) reduc-
tion in fracture conductivity due to proppant embedment. 
The influence of embedment is also supported by post-test 
analysis where the RMS amplitude Sq (Fig. 9b) shows an 
average proppant embedment depth of 10.54 µm on each 
side of the fracture walls, and the PSD (Fig. 11a) indicates 
that 80% of the particles, post-test, are less than 13.73 µm 
in diameter. If we consider the proppant loading concentra-
tion in terms of multiple layers, the average aperture change 

Table 4   Proppant pack porosity at 55.2 MPa

Proppant load-
ing concentra-
tion

0.49 kg∕m2 1.22  kg∕m2 2.44 kg∕m2 4.88 kg∕m2

Proppant 
porosity at 
55.2 MPa 
(%)

53.41 56.52 52.89 49.85
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for this double layer scenario is more than 75%. Therefore, 
we conclude that, for fractures supported by low concentra-
tions of proppant, embedment severely impairs conductivity 
by significantly decreasing mean fracture aperture. This is 
also in agreement with the abnormally low porosity recov-
ered from the conductivity (Table 4), that even though the 
particle compaction and rearrangement is minor compared 
with the higher proppant loading concentration scenarios, 
the effect of embedment is too extensive and results in an 
even lower porosity.

Furthermore, a significant distinction of this study is the 
selection of proppant. Distinct from the proppants com-
monly used in laboratory experiments, where PSDs are nar-
row and particle sizes largely uniform (e.g., for 30/50 and 
40/70 mesh sands) (Briggs et al. 2014; Zhang et al. 2015; 
Zheng and Tannant 2016), the PSDs of the proppant used 
in this study is much more broadly graded (Fig. 2). This 
broader PSD results in intrinsic tendency for denser packing 
and reduced permeability.

There is no apparent change in conductivity over the 
long-term holds (of stress) used in this study. This is distinct 
from other complementary studies that suggest much larger 
decreases in conductivity during long-term experiments 
(24 h to 1000 days). Considering the role of mechanical 
stresses and the chemistry of pore fluids under elevated tem-
perature as agents of proppant diagenesis, propped hydraulic 
fractures exhibit permeability decline of only a few percent 
over periods of tens of days but tens of percent over longer 
periods (say 1000 days) under in situ stress (Lee et al. 2010).

Possible reasons for this minimal observed change in 
permeability in this study include as a result of: (i) only 
intermittent fluid flow through the fracture during a portion 
of the hold-time (when the stress is retained constant) when 
the syringe pump requires to be refilled; (ii) the 24-h hold-
time being too short for significant mineral dissolution and 
redeposition, even where pressure solution (driven by stress) 
is activated (Yasuhara et al. 2003; Lee et al. 2010), (iii) tem-
peratures (20 °C) (Lee et al. 2010) being too low to activate 
significant pressure solution effects, and (iv) smaller sized 
proppant is more likely prone to crushing with the potential 
for blocking of pore throats. The reduction in permeability 
increases from 30% to an unusually high magnitude of 99% 
as proppant size decreases from 20/40 to 60/100 (Mittal 
et al. 2018)—this is also consistent with more rapid activa-
tion of pressure solution as grain size decreases.

5 � Conclusions

This study investigates the evolution of propped fracture 
conductivity/permeability as a function of proppant loading 
concentration under varying effective stresses as an analog 
to reservoir drawdown. In particular, the relative impacts and 

interplay between proppant crushing, embedment, compac-
tion and rearrangement and their impacts on fluid transport 
are studied. Based on the studies, the following conclusions 
are made:

(1)	 Fracture conductivity decreases by up to 95% when the 
effective pressure increases by 48.3 MPa. The sensi-
tivity of conductivity to stress gradually reduces with 
increasing effective stress.

(2)	 Reduced proppant loading concentration results in 
greater proppant embedment, increased proppant 
crushing and greater circularity.

(3)	 The mechanisms for permeability reduction between 
different proppant loading concentrations (thicknesses) 
are different. Low proppant loading concentration sup-
porting a shale fracture returns high permeability at low 
effective stresses, but diminishes rapidly with increased 
stress where the dominant impairment mechanism is 
proppant embedment in the fracture wall. A higher 
loading concentration of proppant is less stress sensi-
tive and maintains a higher permeability under high 
effective stress, for which the major factor reducing 
permeability is proppant compaction.

(4)	 Extending the holding time for the effective stress (from 
25 min to 24 h) has little impact on the trend and mag-
nitude of evolution in fracture conductivity at room 
temperature from the tests conducted in this work. Pos-
sible reasons include the intermittent fluid flow through 
fracture, insufficient holding time and low experimental 
temperature (20 °C), potentially attenuating any poros-
ity reduction induced by pressure solution or other ther-
mally activated and fluid mediated mechanisms.

The above provide insights into the selection and applica-
tion of proppants for hydraulic fracturing. Where proppants 
can only be injected into the fracture at low loading concen-
trations, the most effective approach to maintain fracture per-
meability is to reduce proppant embedment. Possible tech-
niques include injecting appropriate shale inhibitors to reduce 
shale swelling (Koteeswaran et al. 2018) and using larger 
sized higher Young's modulus proppants (Ming et al. 2018). 
Where high proppant loading concentrations are attained, the 
major impairment mechanism is proppant compaction and 
rearrangement, which could be possibly attenuated by using 
monodisperse proppants with a narrow PSD or preventing the 
generation of fines by using proppant with a higher resistance 
to crushing (Zhang et al. 2015). Furthermore, it is useful to 
define the threshold proppant loading concentration, above 
which, permeability is insensitive to increasing concentration 
of proppant. Another consideration is to select proppant load-
ing concentration based on the in-situ stress, as the relative 
performance of proppants vary during different stages of res-
ervoir pressure drawdown.
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