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Abstract 22 

Proppant is often used to enhance reservoir stimulations such as hydraulic fracturing and hydraulic 23 

shearing, however, the influence of proppant on the shear deformation of fractures and the potential 24 

consequent induced earthquakes is rarely explored. We explore the systematics of frictional 25 

behavior, deformability and dilatancy of proppant-filled fractures to define the complex response 26 

to different fracture roughnesses and proppant mass loadings. Shear experiments on rough granite 27 

fractures show that proppant reduces cohesion and internal friction, reduces the shear stiffness, 28 

delays the shear displacement to a diminished peak strength, reduces the magnitude of shear 29 

dilation, and promotes ductile shear failure that is analogous to aseismic creep. A systematic 30 

transition in shear behavior occurs from fracture-roughness-dominant to proppant-dominant with 31 

increased proppant mass loading that is augmented by increased grain size. Long-wavelength 32 

fracture undulations may engage at large shear displacements, causing increased frictional 33 

resistance – identifying an intrinsic scale effect. The presence of proppant reduces the shear 34 

dilation. Thus, the convolved interactions between proppant and fracture roughness require careful 35 

assessment in their impact on creating and sustaining permeability and modes of aseismic versus 36 

seismic ruptures. 37 
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1. Introduction 41 

Reservoir stimulation methods such as hydraulic fracturing and hydraulic shearing are used 42 

to improve the efficiency of resource extraction from fractured hydrocarbon and geothermal 43 

reservoirs (e.g., Ahamed et al., 2021; Dempsey et al., 2015; KC & Ghazanfari, 2021; Rinaldi & 44 

Rutqvist, 2019; Schoenball et al., 2020; Zimmermann & Reinicke, 2010). Hydraulic fracturing 45 

involves the injection of fluid into a reservoir at a pressure higher than the minimum principal 46 

stress to create new hydraulic fractures that increase permeability. Conversely, hydraulic shearing 47 

reactivates shear deformation on pre-existing fractures by reducing the effective normal stress 48 

through fluid injection, promotes shear dilation (i.e., self-propping) that enhances permeability, 49 

but at a fluid pressure less than the minimum principal stress. Proppants are often injected with the 50 

fluid to maintain fracture permeability after injection. These stimulation processes modify the 51 

stress conditions on rock discontinuities, may generate shear deformation that could induce 52 

earthquakes (Guglielmi et al., 2015) with the presence of proppant making the stress state in 53 

fractured rock mass more difficult to predict. 54 

Commonly used proppant types include silica sands, ceramic particles and resin-coated 55 

sands, among other high-strength natural and artificial granular materials. The sizes of such 56 

proppants are generally between 8 and 140 mesh (105 µm – 2.38 mm) (Liang et al., 2016). Silica 57 

sand is the most commonly used proppant for reservoir stimulation because of its low cost and 58 

adequate performance, while engineered proppants may offer better stimulation results but at 59 

higher costs. Much interest has been applied to the permeability enhancement resulting from 60 

proppant treatment. The evolution of permeability of a propped fracture using shearing-concurrent 61 

measurements of permeability at constant velocity shearing shows permeability of a propped 62 

fracture to be mainly governed by the normal stress, the proppant thickness, and the proppant size 63 
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(Zhang et al., 2017). However, few studies have focused on the frictional stability of propped 64 

fractures, in particular where the proppant loading is low relative to the roughness of the native 65 

fracture – and hence the competition between the proppant pack and native fracture will be 66 

important. Proppant embedment during rock shearing under different rock roughness conditions 67 

indicates that proppant caused a reduction of the rock fracture mechanical properties including 68 

peak shear strength, shear stiffness and friction angle, and enhances surface damage (Tang & 69 

Ranjith, 2018; Tang et al., 2019). Cornelio and Violay (2020) performed a parametric analysis that 70 

described the Sommerfeld number, which is a key parameter assessing the effectiveness of 71 

elastohydrodynamic lubrication during seismic sliding and observed that the injection of proppant 72 

can allow the fault to slip into the fully elastohydrodynamic lubrication regime with a small friction 73 

coefficient. 74 

Conversely, studies on the shear behavior of filled rock discontinuities in geophysics and 75 

rock mechanics also provide valuable insights. Early studies suggested that filled rock 76 

discontinuities exhibit lower strengths and effective frictional coefficients than unfilled 77 

discontinuities (Barton, 1974). Later studies on the shear behavior of filled rock discontinuities 78 

identified similar effects for different rock types, filling materials and stress conditions. de Toledo 79 

and de Freitas (1993) reviewed studies related to the shear strength of infilled rock joints in the 80 

literature, discussed the main parameters controlling the shear strength of infilled joints and 81 

provided a framework for understanding the failure mechanisms involved in the shearing of such 82 

discontinuities. They concluded that the shear mechanisms were controlled by the grain size, the 83 

thickness of filler material and the rock itself. Indraratna et al. (2010) presented possible shearing 84 

mechanisms that may occur in soil-infilled rock joints and proposed a corresponding joint shear 85 

strength criterion that considers the effects of a series of governing parameters such as the friction 86 
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angle of the infill material, the basic friction angle of the rock joint, the degradation of asperities 87 

and the infill thickness to asperity height ratio. Jahanian and Sadaghiani (2014) performed a series 88 

of constant normal load direct shear tests to investigate the shear strength of artificial samples with 89 

infilled rough joint surfaces having different asperity and infill characteristics. They found that the 90 

normal stress on the joint played an important role in the shear behavior of infilled rock joint 91 

samples. Meng et al. (2017) studied the shear behaviors of joints with thin layers of different 92 

infillings and found that the maximum shear strength of the filled joints was significantly reduced 93 

compared with the clean joints. Moreover, when the joint infill was of large granular particles, the 94 

particles rotated and were crushed. Tang et al. (2020) studied the shear behavior and mechanisms 95 

of clean and filled rough joints under direct shear tests using experimental and numerical 96 

approaches with the mechanisms of the shear stress and shear dilatancy behavior significantly 97 

altered by the infilling material. Zhao et al. (2020) performed direct shear experiments on sand and 98 

clay infilled joints prepared by reproducing the standard Joint Roughness Coefficient (JRC) 99 

profiles on a rock-like material and placing the infill material inside the joint. Their results showed 100 

that the shear behavior and strength of the infilled joints were affected by the JRC, the infill 101 

material type, the infill thickness to joint asperity amplitude ratio and the applied normal stress. 102 

These observations are congruent to those of fault gouge where the gouge, itself, dominates 103 

the frictional response of mature faults. For example, Marone (1998); Marone et al. (1990) 104 

discussed shear localization in fault gouge. Their data highlight differences in the shear behavior 105 

of bare rock surfaces as compared to shear within granular fault gouge that can dilate and deform. 106 

An investigation of the frictional properties and stability of frictional sliding was presented, and 107 

the effect of surface roughness, gouge thickness, and slip rates was studied.  108 



Manuscript accepted by Rock Mechanics and Rock Engineering 

6 

 

Surface roughness of the fractures is an important factor controlling the frictional stability 109 

of rock discontinuities across a large range of scales. Bandis et al. (1981) noted the significance of 110 

scale effects on both the shear strength and deformation characteristics with both the geometrical 111 

and strength characteristics of surface roughness presented as potential sources of scale effects. At 112 

large fault scale, Brodsky et al. (2016) quantified the slip surface roughness by measuring the 113 

aspect ratio and pointed out that faults have scale-dependent roughness. Surface roughness also 114 

influences proppant embedment under shear deformation and in turn influences the shear behavior 115 

of fractured rocks. Tang and Ranjith (2018) studied proppant embedment during rock shearing 116 

under different fluid and rock roughness conditions. They found that a rough surface achieves a 117 

higher embedment increment than smooth rock due to severe dilation. However, the influences of 118 

proppant relative to the roughness of the encasing fractures have yet to be systematically evaluated 119 

and their impact on shear strength and frictional stability determined. 120 

Reservoir stimulation aided by proppant plays an important role in the efficient and safe 121 

extraction of hydrocarbon and geothermal energy from fractured reservoirs, which are critical to 122 

the energy transition towards carbon neutrality. Therefore, to resolve the ambiguous impact of 123 

proppant-fracture roughness interaction on the frictional stability of propped fractures, we 124 

systematically explore the frictional behavior of rough rock fractures under different proppant and 125 

normal stress conditions and use quantitative surface roughness analysis to elucidate the 126 

underlying mechanisms. 127 

2. Material and Methods 128 

Outcrop samples of granite were collected that are representative of the Gonghe geothermal 129 

site (Gonghe basin, Qinghai province, China). The granite mainly consists of quartz (20%–30%), 130 

plagioclase (25%–35%), alkaline feldspar (30%–38%) and mica (5%–7%), with a dry density of 131 
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2.62–2.65 g/cm3. The rock samples were cut into 100 mm sized cubes and then split into two equal-132 

sized halves using indirect tensile (knife-edge) loading. This created the matching rough fractures 133 

that we examined in this study (Figure 1). 134 

 135 

Figure 1. Preparation process for the rough granite fractures used in the direct shear tests. (a & b) 136 

Indirect tensile fracture loading to create a fresh rough fracture with matching surfaces. (c) Silica 137 

sand proppant placement on the fracture surface using dry pluviation. (d) Test setup of the direct 138 

shear test. 139 

 140 

Three quartz sand samples with monomodal grain size ranges (0.1–0.5 mm, 0.5–1.0 mm, 141 

and 1.0–2.0 mm) were used as proppant and sandwiched between the rough fracture surfaces. For 142 

each proppant sample, 2 g of the proppant was placed on the fracture surface by dry pluviation. 143 

Proppant placement in narrow and rough fractures under reservoir conditions is equivocal and 144 

likely patchy, as the proppant interacts with the flow of the injection fluid and the specifics of the 145 

local fracture roughness (Wang et al., 2018). Our method provides a pragmatic and repeatable 146 

procedure to create a heterogeneous proppant layer partially covering the fracture, which is 147 

preferred in practice because it drastically increases the fracture conductivity (Bolintineanu et al., 148 

2017; Medina et al., 2018). 149 

Before the direct shear tests, tilt tests were conducted on the rough fractures with four 150 

proppant conditions as well as on a planar, smooth and pristine fractures to measure the basic 151 

friction angle (ϕb) of the fractures under low stress. Then, three suites of direct shear experiments 152 

under constant normal stresses were conducted at a constant shear rate of 0.01 mm/s to a maximum 153 

shear displacement of 15 mm. The first suite comprised 16 shear experiments representing 154 

combinations of four normal stresses (σn = 2 MPa, 3 MPa, 4 MPa, and 5 MPa) and the four 155 
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proppant conditions (no proppant and three abovementioned proppant samples, referred to as P0.0, 156 

P0.1, P0.5, and P1.0, respectively). To ensure the reliability of the data, the second suite of 6 157 

experiments was conducted under the conditions where anomalous frictional behavior was 158 

observed. The third suite of experiments examined the role of proppant mass loading (i.e., the 159 

amount of proppant by weight) – all at 4 MPa and with P0.1 proppant, but with different mass 160 

loadings of proppant at 4g, 6g, and 8g. During the direct shear experiments, shear stress (τ), shear 161 

displacement (δs) and dilation (δv) were simultaneously monitored at a sampling rate of 2.5 Hz. 162 

The apparent friction coefficient is calculated as μ = τ/σn. Note that we conducted constant normal 163 

stress direct shear tests, thus, the overall variations of the shear stress and the apparent friction 164 

coefficient are identical. 165 

We used a surface scanner to digitize the two sides of the surfaces of each fracture, both 166 

pre- and post- experiments, at a spatial resolution of 30 µm. The comminuted gouge material on 167 

the specimens post-experiments was removed with a soft brush before scanning. Each surface scan 168 

generates a point cloud representing the fracture surface geometry, and we calculate the roughness 169 

amplitude (H) as the difference between the highest peak and lowest trough on the surface. We re-170 

sampled the point cloud onto a 50 µm-sized regular mesh. Then, a total of nine equal-spaced 171 

profiles were extracted from the surface along the shear direction (Figure 2). We examined the 172 

roughness of the extracted profiles quantitatively using the RMS roughness (i.e., Root Mean 173 

Square of the profiles amplitude) and Z2 (i.e., RMS of the second derivative of the profiles 174 

amplitude) (Magsipoc et al., 2019; Myers, 1962; Tse & Cruden, 1979). Then, the roughness 175 

parameters Z2 and RMS of the profiles were averaged to obtain the mean roughness of the surface. 176 

Finally, the variation of surface roughness both pre- and post-tests (ΔZ2 and ΔRMS) for both sides 177 

of the fractures was evaluated from the differences in these roughness parameters. 178 
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 179 

Figure 2. Fracture surface roughness measurement and calculations. (a) Surface scan setup. The 180 

surface was digitized into a point cloud with 30 μm spatial resolution. (b) Example results of the 181 

surface scan showing the morphological information pre- then post-test (post-test scan was 182 

conducted after removing the gouge). The averaged surface roughness was calculated based on 183 

nine profiles measured along the shear direction. (c) Example of actual surfaces pre- and then post-184 

test, corresponding to (b). 185 

 186 

Results 187 

Figure 3. Tilt tests results on rough fractures with four proppant conditions (P0.0, P0.1, P0.5, and 188 

P1.0) as well as on a flat, smooth, and pristine fracture to measure the basic friction angle (ϕb). 189 

Figure 4. Apparent friction coefficient (a-d) and dilation (e-h) as functions of shear displacement 190 

of the fractures under different normal stress and proppant conditions. Solid lines and dashed lines 191 

are from the first and second suites of repeated experiments, respectively. Inserts in (a) show the 192 

example proppant grains under the microscope. PX.X mnemonics indicate the grain size of the 193 

proppant in mm. 194 

 195 

The averaged ϕb values from the tilt tests for proppant conditions P0.1, P0.5, and P1.0 were 196 

46.13°, 40.03°, and 35.29°, respectively – all lower than the averaged ϕb of the non-propped 197 

specimens at 61.46° but higher than the averaged ϕb obtained on a flat saw cut surface with no 198 

proppant of 26° (Figure 3). 199 

In the non-propped direct shear experiments, the apparent friction coefficient, μ, increased 200 

linearly with the shear displacement, δs, to a peak value, μp (i.e., static frictional strength) followed 201 

by an abrupt drop (Figure 4 a-d). Then, μ decreased to a residual value. In the propped direct shear 202 

experiments, μ also increased with δs; however, the rate of increase was decreased, that is, the 203 
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proppant reduced the shear stiffness of the fracture. When σn < 5 MPa, the reduction of shear 204 

stiffness increased with increasing proppant size. When σn = 5 MPa, the grain size of the proppant 205 

did not show a clear influence on the shear stiffness – the fractures had similar shear stiffness 206 

values regardless of the proppant grain size. Non-propped specimens had μp values close to 2, 207 

significantly higher than those of the propped specimens, with greater reductions resulting from 208 

larger sized proppants. 209 

The peaks of the apparent friction coefficient-shear displacement (μ-δs) curves for the 210 

propped samples became less pronounced relative to residual μ (i.e., less brittle), and the larger the 211 

proppant grain size, the more significant was this effect. Several experiments with proppants P0.5 212 

and P1.0 returned a flat peak response (with δs). Instead, the μ stabilized around the reduced μp. In 213 

addition, the occurrence of μp was delayed by the proppant; and the larger the proppant grain size, 214 

the larger the delay, except for the experiments conducted under 5 MPa, in which the delay showed 215 

no obvious correlation with proppant grain size. 216 

In a typical direct shear experiment, the vertical displacement, δv, experienced a transition 217 

from compaction (negative δv) to dilation (positive δv) with increased shear displacement. The 218 

non-propped experiments lack the compaction phase with the propped experiments showing 219 

compression over an extended δs (Figure 4 e-h). Most observations followed this general trend, 220 

but the forms of the δv-δs dilation curves were altered. The larger the proppant grain size, the more 221 

significant was the compression phase, with correspondingly less dilation. Overall, experiments 222 

with low σn had higher dilation values than those under high σn. Also, in experiments with low σn, 223 

the dilation was generally still increasing at the end of the experiments after δs>15mm. Only 224 

propped experiments conducted at 5 MPa showed plateaus at the end of experiments, suggesting 225 

that ultimate dilation had been reached. 226 
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 227 

Table 1. Peak shear strengths recovered from the shear tests. 228 

 229 

The shear strength of the first two suites of experiments can be described with linear failure 230 

envelopes (Figure 5a): 𝜏𝜏p = 𝑠𝑠 + 𝜇𝜇i𝜎𝜎𝑛𝑛, where the intercept s is the cohesion and μi is the internal 231 

friction that describes the rate that shear strength (τp, see Table 1 for peak shear stress values) 232 

increases with σn. The s values for the four sets of experiments with different proppant conditions 233 

(P0.0, P0.1, P0.5, and P1.0) were 1.28 MPa, −0.84 MPa, −1.00 MPa, and −0.62 MPa; respectively; 234 

and the μi values were 1.40, 1.38, 1.29, and 1.09, respectively. With the introduction of the 235 

proppant, the internal friction and the cohesion were reduced, and the larger the proppant grain 236 

size, the more significant were the two effects. The flattened and lowered failure envelope, together 237 

with injection fluid pressure, would render the stimulated fractures in the field more susceptible to 238 

shear failure (Figure 5b). In addition, the dilation at μp (δv,p) showed no obvious correlation with 239 

normal stress or proppant conditions (Figure 5c); whereas, the dilation at 15 mm of shear 240 

displacement (δv,15mm) decreased with increasing proppant grain size (Figure 5d). 241 

 242 

Figure 5. Summary of shear behavior for different normal stress and proppant conditions. (a) Peak 243 

shear stress (τp) as a function of normal stress (σn). (b) Schematic of failure envelope relative to 244 

effective principal stresses (σ1’ and σ3’). (c) Dilation at peak shear stress. (d) Dilation at 15 mm of 245 

shear displacement. Dashed lines are linear regressions. 246 

 247 

For the six experiments with apparently anomalous frictional behavior in the first suite of 248 

experiments, a significant increase of δs occurred with negligible variations of τ or δv. This shear 249 

behavior was repeated in most of the second suite of experiments; ruling out the extrinsic origin 250 
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of this behavior. Such sliding behavior with substantial shear displacement at relatively constant 251 

shear stress was analogous to aseismic creep observed in earthquake studies (Rathbun & Marone, 252 

2010). This stable sliding behavior had no apparent correlation with proppant size and was absent 253 

in experiments under σn = 5 MPa. 254 

 255 

Figure 6. Results of the direct shear experiments conducted under 4 MPa normal stress and with 256 

different mass loadings of P0.1 proppant. (a) Illustration of different mass loadings of proppant at 257 

2, 4, 6 and 8 grams mass loading per fracture. (b & c) Shear stress and dilation curves. 258 

 259 

The increased mass loading of proppant caused a larger area of proppant coverage on the 260 

fracture surface as well as an increased thickness of the proppant layer, especially in the troughs 261 

(Fig 5a). The third suite of experiments showed that the larger and thicker proppant caused the 262 

aseismic creep behavior. The more proppant, the longer the creep distance, the gentler the peak of 263 

the μ-δs curve, and the smaller the shear dilation (Fig 5 b&c). 264 

 265 

Figure 7. Change in fracture surface roughness (ΔZ2 and ΔRMS) from pre- to post- experiments 266 

and for different normal stress and proppant conditions. 267 

 268 

The variation of surface roughness due to the shear deformation showed a clear correlation 269 

with proppant conditions (Figure 7, see Table 2 for detailed roughness values). The non-propped 270 

samples showed the largest variation in roughness with the samples propped by P0.1 and P0.5 271 

proppants experienced only minor changes in roughness. The samples propped by P1.0 proppant 272 

showed a greater variation in roughness relative to the other two proppant size experiments, but 273 

less than the non-propped experiments. 274 
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 275 

Table 2. Surface roughness statistics measured both pre- and post-test (roughness amplitude (H) 276 

is the difference between maximum height and minimum height, RMS is the Root Mean Square 277 

roughness, and Z2 is the RMS of the second derivative of the extracted profiles. 278 

 279 

Discussion 280 

The frictional behavior was significantly altered by proppant. Proppant reduced the shear 281 

stiffness of the fractures, extended the shear displacement, δs, to the occurrence of peak friction, 282 

μp, and diminished the peak response. In the non-propped experiments, the abrupt drop of μ 283 

indicates brittle shear failure, which is related to the sudden release of strain energy associated to 284 

asperity breakage. Shear failure of the propped fractures is ductile and lacks such a rapid energy 285 

release process – the ductility increases with increased proppant grain size and mass loading. 286 

The failure envelopes can be used to determine the proximity to failure, the value of s 287 

represents the shear strength at no normal stress and is related to the interlocking of the asperities. 288 

The non-propped fractures returned positive s values and the propped fractures negative s values. 289 

This indicates that the proppant not only prevents the asperity from interlocking but also creates 290 

an additional lubrication effect that makes the fracture mobile – analogous to acting as a ball-291 

bearing race. This conjecture is also supported by tilt tests, where we observed a systematic 292 

decrease of the basic friction angle with the increase of proppant size (Figure 3). These adverse 293 

influences on the frictional stability of propped fractures are more prominent when the proppant 294 

grain size was relatively large and/or when the mass loading of the proppant was relatively high. 295 

Both shear stiffness and peak response are related to the interlocking of asperities at the 296 

initial stage of shearing. Propped fractures showed similar shear behavior to rock fractures under 297 
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cyclic, repeated, or continuous shear steps (e.g., Grasselli & Egger, 2003; Lee et al., 2001; Zhao 298 

et al., 2018). In such tests, the fracture surfaces are damaged, and the asperities worn. For our 299 

proppant-filled fractures, however, the surface roughness analysis showed that the fractures 300 

experienced insignificant damage. This suggests that proppant protected the asperities by 301 

preventing their interlocking and interactions. For the same proppant mass loading, this protective 302 

effect is more noticeable as proppant size decreases. The surface roughness of the tested specimen 303 

with proppant grain size >1 mm showed variations of roughness, especially at relatively high σn, 304 

suggesting surface damage. This may be because small proppant grains readily infill the troughs; 305 

while larger grains tend to engage with asperities that eventually cause damage. Moreover, high 306 

normal stress intensifies the asperity-asperity and asperity-fracture interactions. 307 

In all the propped experiments, the thickness of the proppant layer was smaller than the 308 

roughness amplitude, which introduced an extra degree of complexity due to the interactions 309 

between proppant and fracture surfaces. This is manifest as the creep behavior that has not been 310 

investigated in previous studies. Previous studies considered fractures that are either clean or fully 311 

covered by granular layers, which may not be representative of actual proppant placement 312 

conditions. We found that partially filled fractures may not exhibit typical stress-strain curves, and 313 

thus, cannot be described with formerly established constitutive relations. The complex shear 314 

behavior of propped fractures can be explained by the interaction of proppant with roughness at 315 

different scales (Figure 8 a-e). Bare fractures experience asperity-asperity interlocking, causing 316 

significant shear resistance, dilation, and surface damage (Figure 8a). With a low mass loading of 317 

proppant, proppant grains buffer the small-scale asperities (i.e., unevenness) from direct contact, 318 

and the rolling of proppant grains may also contribute to the shear behavior (Pereira, 1997), thus, 319 

lowering the shear strength and preventing the damaging of asperities (Figure 8b). The creep 320 
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behavior appears as the proppant layer is sufficiently thick to fill the troughs on the rough surface, 321 

allowing the fracture to slide on proppant alone (Figure 8c). However, as the shear displacement 322 

increases, large-scale fracture undulation (i.e., waviness) allows the opposite fracture faces to 323 

engage and the creep behavior stops. The more proppant, the longer the creep displacement that 324 

can occur. The ultimate form of this creep behavior would occur when a thick proppant bed covers 325 

the entire fracture surface and obviates the influence of the long wavelength roughness by 326 

preventing the fracture asperities from engaging, even at maximum shear (Figure 8d). This will 327 

result in a much flatter μ-δs curve with much lower shear strength than for bare fractures. This 328 

phenomenon is evident from the numerous shear tests on fully filled fractures reported in the 329 

literature (e.g., de Toledo & de Freitas, 1993; Indraratna et al., 2010; Jahanian & Sadaghiani, 2014; 330 

Meng et al., 2017; Tang et al., 2020; Zhao et al., 2020). This transition in shear behavior from 331 

fracture response to proppant response is favored by increasing the mass loading of proppant and 332 

by increasing proppant grain size. 333 

 334 

Figure 8. Schematic of mechanisms describing the transition of fracture shear behavior from 335 

control by fracture roughness (a) to control by proppant strength (d) with increasing mass loading 336 

of the proppant. (a-d) Mechanistic illustration of shear behavior with increasing proppant mass 337 

loading. (e) Representative τ-δs curves corresponding to (a-d). 338 

Fluid injection during reservoir stimulation may promote aseismic creep on rock 339 

discontinuities that could ultimately translate to seismic rupture (Guglielmi et al., 2015; Zoback, 340 

2012). Our study shows that proppant-filled fractures can also respond in this manner with ductile 341 

shear failure occurring through the asperity-shielding mechanism. The ductile shear failure, if 342 

generated in situ, will be invisible to seismic monitoring methods and absent from the seismic 343 

energy budget. This may be especially important for fractures only partially infilled by proppant 344 
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that are under shear deformation, for example, natural fractures obliquely intersecting the main 345 

driven hydraulic fracture and intentionally hydro-sheared fractures. 346 

Shear dilation due to the surface roughness, i.e., self-propping, can keep fractures open 347 

even at high effective normal stress (Brace, 1980; Durham & Bonner, 1994). This is desired in 348 

reservoir stimulation but will be suppressed by the presence of proppant - where the shear dilation 349 

potential of the fracture will be ceded to that of the proppant. Even though proppant placement can 350 

increase the fracture aperture, our results demonstrated that the propped fracture also experiences 351 

less shear dilation, especially at large shear displacement. This effect needs to be considered for 352 

effective shear stimulations.  353 

The results we obtained in this study are from fractures with different initial roughness 354 

values. The fact that we observe the transition of frictional behavior without controlling the surface 355 

roughness of the fracture specimens indicates that these are systematic first-order dependencies 356 

that override the impacts of the specific variabilities in fracture roughness. However, at higher 357 

stresses (>5 MPa), the presence of proppant does not significantly alter the shear behavior, relative 358 

to that at lower normal stresses. These observations suggest that there is an interplay among the 359 

influences of fracture surface roughness, proppant conditions, and normal stress. Understanding 360 

this relationship may be the key to optimally increasing permeability in stimulated reservoirs and 361 

in concurrently mitigating induced seismicity. Although our experiments are conducted under dry 362 

conditions and at relatively low effective stresses, the overall trends in proppant response will 363 

apply at the reservoir scale. 364 

Conclusion 365 
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We systematically investigate the influence of proppant on the frictional behavior of rough 366 

granite fractures. Importantly, we observe that proppant plays an opposing role to surface 367 

roughness: thick proppant layers prevent asperities from interlocking and protect the surface from 368 

damage but render the fracture weaker in shear. We summarize the influences of proppant on shear 369 

behavior into four key observations: (i) reduction of the cohesion and internal friction; (ii) 370 

reduction of shear stiffness and extension of the shear displacement to reach the diminished peak 371 

strength; (iii) reduction of shear dilation; and (iv) promotion of ductile shear failure – all are 372 

exacerbated by increased mass loading and increased mean grain size of the proppant. Proppant 373 

placement and fracture shear dilation can both enhance the permeability of the stimulated fractures, 374 

but the presence of proppant reduces the dilation; thus, the interaction between proppant and 375 

fracture self-propping requires careful assessment. In addition, the ductile shear failure that is 376 

analogous to aseismic creep on propped fractures is likely at high proppant mass loadings. As 377 

proppants are widely used in hydrocarbon and some geothermal reservoir stimulations, it is 378 

important to understand the interplay of surface roughness, effective normal stress, and proppant 379 

conditions on rock discontinuities to ensure the efficiency of energy extraction and alleviation of 380 

hazardous induced seismicity. 381 
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Table 1. Peak shear strengths recovered from the shear tests. 550 

Proppant size (mm) Normal Stress (MPa) Peak shear stress (MPa) 

No Proppant 2 3.92 

No Proppant 3 5.49 

No Proppant 4 7.41 

No Proppant 5 7.96 

0.1-0.5 2 1.83 

0.1-0.5 3 3.77 

0.1-0.5 4 3.85 

0.1-0.5 5 6.37 

0.5-1.0 2 1.31 

0.5-1.0 3 3.37 

0.5-1.0 4 4.28 

0.5-1.0 5 5.14 

1.0-2.0 2 1.56 

1.0-2.0 3 2.56 

1.0-2.0 4 3.05 

1.0-2.0 5 4.87 

 551 
  552 



Manuscript accepted by Rock Mechanics and Rock Engineering 

24 

 

Table 2. Surface roughness statistics measured both pre- and post-tests. 553 

Proppant size 
(mm) 

Normal Stress 
(MPa) 

Sample 
 No.  

Before After 
H (mm) Z2 RMS H (mm) Z2 RMS 

No proppant 2 1-1 
Upper 23.22  0.62  3.93  23.52  0.60  3.93  
Lower 41.49  1.17  4.08  22.71  0.61  3.71  

No proppant 3 1-2 
Upper 18.18  0.55  1.23  5.63  0.23  0.82  
Lower 5.82  0.21  0.85  5.64  0.24  0.83  

No proppant 4 1-3 
Upper 18.24  0.49  1.35  8.64  0.24  1.52  
Lower 21.96  0.33  1.27  8.53  0.25  1.50  

No proppant 5 1-4 
Upper 12.92  0.25  2.39  12.27  0.27  2.29  
Lower 13.29  0.25  2.26  12.59  0.27  2.30  

0.1-0.5 2 2-1 
Upper 6.09  0.17  0.97  5.98  0.16  0.93  
Lower 5.73  0.17  0.96  5.71  0.17  0.91  

0.1-0.5 3 2-2 
Upper 15.09  0.23  1.83  10.22  0.28  1.83  
Lower 10.77  0.24  1.91  10.32  0.25  1.81  

0.1-0.5 4 2-3 
Upper 13.65  0.55  1.84  10.10  0.52  1.78  
Lower 10.12  0.47  1.77  10.17  0.53  1.78  

0.1-0.5 5 2-4 
Upper 8.23  0.24  1.44  8.62  0.27  1.41  
Lower 8.66  0.25  1.38  8.60  0.28  1.38  

0.5-1.0 2 3-1 
Upper 12.01  0.44  1.52  12.12  0.45  1.54  
Lower 10.08  0.40  1.42  10.32  0.45  1.45  

0.5-1.0 3 3-2 
Upper 6.78  0.24  1.16  6.66  0.25  1.12  
Lower 7.07  0.23  1.15  6.81  0.24  1.08  

0.5-1.0 4 3-3 
Upper 18.79  0.52  3.05  18.87  0.51  3.02  
Lower 19.58  0.56  3.13  19.55  0.55  3.17  

0.5-1.0 5 3-4 
Upper 6.05  0.23  0.77  5.56  0.27  0.81  
Lower 5.97  0.25  0.83  5.61  0.26  0.83  

1.0-2.0 2 4-1 
Upper 16.08  0.52  2.56  16.62  0.53  2.57  
Lower 16.96  0.52  2.48  17.53  0.54  2.49  

1.0-2.0 3 4-2 
Upper 14.23  0.55  2.33  14.26  0.54  2.31  
Lower 14.19  0.47  2.29  14.21  0.53  2.30  

1.0-2.0 4 4-3 
Upper 18.30  0.53  3.13  19.32  0.60  3.39  
Lower 20.25  0.53  3.44  19.14  0.78  3.26  

1.0-2.0 5 4-4 
Upper 22.99  0.47  1.28  6.62  0.28  1.22  
Lower 8.18  0.26  1.25  7.62  0.29  1.27  

 554 
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 556 

 557 

Figure 1. Preparation process for the rough granite fractures used in the direct shear tests. (a & b) 558 

Indirect tensile fracture loading to create a fresh rough fracture with matching surfaces. (c) Silica 559 

sand proppant placement on the fracture surface using dry pluviation. (d) Test setup of the direct 560 

shear test. 561 

  562 
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 563 

 564 

Figure 2. Fracture surface roughness measurement and calculations. (a) Surface scan setup. The 565 

surface was digitized into a point cloud with 30 μm spatial resolution. (b) Example results of the 566 

surface scan showing the morphological information pre- then post-test (post-test scan was 567 

conducted after removing the gouge). The averaged surface roughness was calculated based on 568 

nine profiles measured along the shear direction. (c) Example of actual surfaces pre- and then post-569 

test, corresponding to (b). 570 
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 572 

Figure 3. Tilt tests results on rough fractures with four proppant conditions (P0.0, P0.1, P0.5, and 573 

P1.0) as well as on a planar, smooth, and pristine fracture to measure the basic friction angle (ϕb). 574 
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 576 

Figure 4. Apparent friction coefficient (a-d) and dilation (e-h) as functions of shear displacement 577 

of the fractures under different normal stress and proppant conditions. Solid lines and dashed lines 578 

are from the first and second suites of repeated experiments, respectively. Inserts in (a) show the 579 

example proppant grains under the microscope. PX.X mnemonics indicate the grain size of the 580 

proppant in mm. 581 
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 583 

Figure 5. Summary of shear behavior for different normal stress and proppant conditions. (a) Peak 584 

shear stress (τp) as a function of normal stress (σn). (b) Schematic of failure envelope relative to 585 

effective principal stresses (σ1’ and σ3’). (c) Dilation at peak shear stress. (d) Dilation at 15 mm of 586 

shear displacement. Dashed lines are linear regressions. 587 
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 589 

Figure 6. Results of the direct shear experiments conducted under 4 MPa normal stress and with 590 

different mass loadings of P0.1 proppant. (a) Illustration of different mass loadings of proppant at 591 

2, 4, 6 and 8 grams mass loading per fracture. (b & c) Shear stress and dilation curves. 592 
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 594 

Figure 7. Change in fracture surface roughness (ΔZ2 and ΔRMS) from pre- to post- experiments 595 

and for different normal stress and proppant conditions. 596 
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 598 

Figure 8. Schematic of mechanisms describing the transition of fracture shear behavior from 599 

fracture roughness control (a) to proppant control (d) with increasing mass loading of the proppant. 600 

(a-d) Mechanistic illustration of shear behavior with increasing proppant mass loading. (e) 601 

Representative τ-δs curves corresponding to (a-d). 602 




