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The result of laboratory imaging of the embedment phenomenon may be one of the preliminary
assessment of the effectiveness of hydraulic fracturing at the design stage.

Abstract: This paper concerns the effect of proppant embedment related with hydraulic fracturing
treatment. This phenomenon occurs if the strength of the reservoir rock is lower than proppant
grains. The aim of the research is laboratory determining the loss of width of the proppant pack
built of light ceramic grains. The laboratory simulation of the embedment phenomenon was carried
out for a shale rock on a hydraulic press, in a specially prepared for this purpose a heated
embedment chamber. Tests were conducted at high temperature and axial compressive stress
conditions. The surfaces of the cylindrical core plugs (fracture faces) were imaged under an optical
microscope equipped with 3D software. The fracture faces were examined and compared before
and after the embedment phenomenon. The analysis of the obtained images of the fracture face were
made based on the research method of the embedment phenomenon developed at Oil and Gas
Institute-NRI. On the basis of laboratory tests, the parameters characterizing the embedment
phenomenon were collected and discussed. In addition, the percentage reduction in the width of
the proppant pack was determined.

Keywords: embedment; shale rock; proppant pack; fracture width

1. Introduction

Hydraulic fracturing is one of the main methods for stimulating unconventional hydrocarbon
reservoirs. In the case of shale foramtions, which are characterized by increased content of clay
minerals, for intensification treatments to be effective, numerous fractures and cracks should be
created in them [1-7], as shown in Figure 1 [2,8,9,10].

— Wellbore
Fracture packed with proppant
----- Fracture un-packed

Figure 1. Visualization of numerous fractures and microcracks that allow the gas absorbed to release
from the shale rock.

© 2019 by the author(s). Distributed under a Creative Commons CC BY license.
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45 Numerous fractures and cracks created in shale formations are characterized by low width and
46  large values of the stimulated reservoir volume (SRV). It also has to be pointed out that proper
47  selection of proppant should ensure high conductivity of the whole generated system of fractures
48  and placing proppant in the furthest parts of the fractures [11-13]. Apart of the way of transporting
49  and placing proppant in the fracture, the phenomena presented in Figure 2 have a significant
50  influence on its effective packed with proppant [10,13]. They occur after the treatment when the
51  formation compressive stress closes the fracture on the proppant.

52

53
54 Migration and flowback Embedding proppant grains
55 of proppant grains in the rock ,embedment”
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64

65 Reorientation Proppant crushing,
66 of proppant grain compaction

Hydrocarbon flow

| Fracture face

Proppant grains
in the fracture

| Fracture face

67 Figure 2. The phenomena influencing the effective packed of the fracture and achieving a high
68 conductivity.

69

70 The geometric ideal model of the proppant embedment phenomenon is shown in Figure 3 [15,16].
71
72
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84
85 Figure 3. Geometric ideal model of the proppant embedment phenomenon.

86

87  The presented model of the proppant embedment phenomenon effects on decrease the width Wy of
88 the created fracture (Figure 4) [7,10,17-20] and an increase in the damage of the fracture face, which

89  results in a decrease of its permeability and conductivity [16, 21-23].
90
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96 Proppant embedment

97
98 Reservoir rock
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110 Figure 4. The effect of embedment phenomenon on the width of the packed fracture, for various
111 proppant surface concentration.

112

113 For many years now, a number of laboratory tests, imaging tests and mathematical modeling of the
114  embedment phenomenon have been undertaken. They are constantly being modernized as the
115  capabilities of hardware and software are increasing.

116 2. Materials and Methods

117 2.1. Characteristics of the reservoir rock and proppant material used for testing

118 Shale rock (Figure 5.a) containing in its mineralogical composition 47.7% of clay minerals was
119 wused for testing. The content of quartz amounted to 24.4%, carbonates 14.2 % and others 13.7%. A
120 lightweight ceramic proppant 30/50 mesh (Figure 5.b) with a grain size of 0.600+0.300 mm was used
121 as a proppant material.

122
123
124
125
126
127
128
129
130
131
132 @)

133 Figure 5. Materials used for testing: a) Shale rock; b) Proppant

134

135  2.2. Methodology of studying the embedment phenomenon

136

137 The research methodology developed in Oil and Gas Institute — NRI was used [7,10,19,20,24]. It
138  is an initial determination of primary roughness of the fracture face. It is determined for several
139 selected areas, and then an average roughness is calculated for all of them, from the roughness
140  profiles along the selected measurement sections. The method of determination of the surface
141  roughness along the given measurement section is presented in Figure 6 [7,10,19,20], as well as using
142 equation (1) [7,10,19,20,24].
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143
144
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147
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152

153 Figure 6. An example of the surface roughness profile along the measurement section for the selected

. Average
dividing line

154 area, on the surface of the fracture face.

155
156 p = izt Xy

(1)
157

158  Where R is roughness of the profile surface along the measurement section (mm); Hy is peak height
159  (mm); He is valley depth (mm); 1, is number of all peaks (-); 7o is number of all valleys (-).

160

161  The average primary roughness R. for the entire surface of the fracture face is determined as an
162 arithmetic average of roughness of profiles determined for the individually selected areas.

163  Laboratory simulation of the embedment phenomenon consists in placing a proppant between two
164  cylindrical core plugs, and then exposing it to the set axial compression stress, in the set temperature,
165  for the set period of time (Figure 9.a and 9.b) [7,10,19,20].

166  The amount of the proppant material needed to pack the fracture and obtain the specified surface
167  concentration is determined according to equation (2) [10,24,26].

168

169 m, =A;-1071-C 2)
170

171 Where mp is weight of the proppant (g); C is surface concentration of the proppant (kg/m2); Ar is
172 surface area of the fracture face subjected to compression stress (cm?).

173

174  The analysis of the fracture face after simulation of the embedment phenomenon consists in
175  determination of an average depth of embedment of proppant grains as well as the damage of its
176  surface. The method of determination of the embedment depth and the damage of the fracture face
177  along the measurement section are presented in Figure 7 [7,10,19,20,25] and in the equation (3)
178 [7,10,19,20,24].

179

180 Ae,

181
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188

189 Figure 7. Sample profile of depth and width of grains embedment (valleys) along the measurement
190 section for the selected area, on the surface of the fracture face.

191
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192 H,=%i= "t 3)

193

194  Where He is average depth of proppant embedment in the fracture face of the profile, along the
195  measurement section (mm); Hei is valley depth (embedment of a proppant grain in the fracture face)
196  (mm); ne is amount of all valleys (embedment of proppant grains in the fracture face) (-).

197

198  Total average depth He: of proppant embedment in the fracture faces (rock), expressed in mm, is
199  determined according to equation (4) [7,10,19,20,24].

200

201 H,=H
202

203  Where He.7. is average depth of proppant embedment in the top fracture face, corresponding to
204  arithmetic average of the obtained values for individually specified areas (mm); He.s. is average

tHep, )

eT.a

205  depth of proppant embedment in the bottom fracture face, corresponding to arithmetic average of
206  the obtained values for individually specified areas (mm).

207

208  Percentage damage of the fracture surface PDWe for the profile, along the measurement section is
209  determined according to equation (5) [7,10,19,20], expressed in (%).

210
5" w,
211 PDW, = ==0—
212
213 Where Wei is valley width, i.e. embedment of a proppant grain in the fracture face (mm); L is length
214 of the measurement section (mm).
215
216  Total percentage damage of the fracture surface PDWe: (embedment of the embedding proppant
217 grains on the surface of the fracture faces) is determined according to equation (6) [7,10,19,20],
218  expressed in (%).
219

220 PDW,, =
221
222 Where PDW,, is average percentage damage of the surface of the top fracture face (rock),

100 )

PDWe, (+PDWep
2

©)

223 corresponding to arithmetic average of the obtained values for individually specified areas (%);
224 pPDW,

e, 15 average percentage damage of the surface of the bottom fracture face (rock),
225  corresponding to arithmetic average of the obtained values for individually specified areas (%).

226

227  The effect of the embedment phenomenon on the effective width of the fracture packed with
228  proppant after exposure to axial compression stress is determined using equations (7) and (8)
229 [7,10,19,20,24].

230

231 Wr =W, —H,, (7)
232

233 Where Wis fracture width packed with proppant, taking into account the embedment phenomenon
234  (mm); Wi is maximum fracture width packed with proppant, without the occurrence of the
235  embedment phenomenon (mm).

236

237  The percentage reduction of the fracture width PRWs packed with proppant, taking into account the
238  embedment phenomenon is determined according to equation (8) [7,10,19,20], expressed in (%).
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Het
Wy

239 PRW; =

240
241  The maximum width W of the fracture packed with proppant, without the occurrence of the

100 (8)

m

242 embedment phenomenon, is determined according to the research procedure previously mentioned
243 in this paper. It only differs in the use of cylindrical steel plugs instead of cylindrical core plugs. They
244 have a steel hardness of more than 43 on the Rockwell C scale (HRC). A maximum width Wy of the
245  fracture packed with proppant was being measured throughout the testing with the use of LVDT
246  device. LVDT readings take into account the amount of deformation of the test unit (i.e. hydraulic
247  press, measuring chamber and steel plugs) under the specified conditions of axial compressive stress
248  and temperature.

249 3. Execution and analysis of obtained test results of laboratory simulation of the embedment
250 phenomenon

251 The tests were performed on cylindrical core plugs with a diameter of 2.54 cm. First of all, the
252 average primary roughness Ra for the entire surface of the core plug face (for the top and bottom
253 fracture face), presented in Figure 8, was determined according to the test procedure described in the
254  previous part of the paper. It was determined as an arithmetic average of two selected areas on the
255  face of the tested core plug, from one profile running across the tested area. These tests were
256  performed using an optical microscope, presented in Figure 9.c.

257
258
259 M ||
260 = AR

261 s
262 ‘ 30 menring section
264 §

265
266
267
268
269
270
271
272
273
274
275
276 (b)
277 Figure 8. Determination of the primary roughness for the core plug face (fracture faces): (a) Top; (b) Bottom
278

279  The average primary roughness R for the entire face of the top core plug amounted to 0.00066 mm
280  (#/-0.00015 mm). For the bottom core plug it amounted to 0.00033 mm (+/- 0.00007 mm).

281

282  Next, laboratory simulation of the phenomenon of proppant embedment in the fracture faces, on the
283  test unit presented in Figure 9 was carried out.

284

285

286

287

H a) Area 1_Top rock core = a) Area 2_Top rock core

b) Area 1_Bottom rock core I b) Area 2_Bottom rock core

measuring section
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303 Figure 9. Test unit: (b) Hydraulic press with heating chamber for the simulation of embedment phenomenon;

Compressive stress

Ar

Proppant grains
in the fracture

304 (c) Optical microscope with 3D software.

305
306  The test conditions are presented in Table 1.
307

308 Table. 1. Conditions for the testno. 1 and 2

Conditions for test

Temperature, (°C) 70.0
Surface concentration of proppant, (kg/m?) 2.44
Compressive stress, (MPa) 48.3

Exposure to the defined compressive stress, (hours) 6

309
310 The result of test no. 1 is presented in Figure 10, 11, 12, 13, 14 and in Table 2, 3.
311
312
313
314
315
316
317
318
319
320
321
322

323 (@) (®)

324 Figure 10. Surface of the core plug sample at diameter 2,54 cm after embedment test: (a) Top; (b) Bottom.
325

326

327

328

329

330
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331 Table 2. Total average depth of proppant embedment in the fracture faces — Test 1
No. Average Total
Surface
Fracture  of the measurement measurement He. He. He:
area
face tested (mm?) section length  sections length ~ (mm) (mm) (mm)
mm
area (mm) (mm)
1 7.2188 2.8230 11.2919 0.0141
Top 0.0170
2 6.8904 2.6717 10.6866 0.0200
0.0254
1 6.8251 2.6658 10.6632 0.0065
Bottom 0.0084
2 6.9765 2.6620 10.6481 0.0102
332
333
334 Table. 3. Average percentage damage of the fracture surface — Test 1
No.
Fracture of the We PDW. PDWe. PDWe:
face tested (mm) (%) (%) (%)
area
1 1.9268 17.1
Top 19.2
2 2.2712 21.2
17.1
1 1.5250 14.3
Bottom 14.9
2 1.6647 15.6
335
336
337
338
339
340
341
342
343
344
345
346
347

348
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424  Testno.2 was performed in order to determine the maximum achievable width of the fracture packed
425  with light ceramic proppant. The conditions of test no. 2 are presented in Table 1. In test no. 2
426  cylindrical core plugs were replaced with cylindrical steel plugs. After 6 hours of exposition to the
427 defined axial compressive stress, a maximum fracture width Wi of 1.514 mm was obtained.

428  The uncertainty of the estimated width of the fracture packed with proppant was determined based
429  on the accuracy of the LVDT fracture gauge (+/- 0.001 mm). The uncertainty of the estimated total
430  average depth of proppant embedding in the fracture faces is determined based on standard
431  deviation from the average value. Effective fracture proppant packed parameters are presented in
432 Figure 15.

433
Steel plugs

434 g S Max. fract’\:re gidth Shale rock
435 fg’ e Test 2 Testt

©

B
jgg g i

o ~

Q

=
438 g
439 .
440 = S

B4 ——
441 2
442 5

e —
443 g 0 1514 0 0
444 I 4

5 =
445 Het Wr  PRWf PDWer Het Wy  PRW; PDWer
446 B Het -- Total average depth of proppant embedment in the fracture faces, (mm)
447 B Wf - Fracture width packed with proppant, (mm)

B PRWf — Percentage reduction of the fracture width packed with proppant, (%)

44 8 B PDWet — Total percentage damage of the fracture surface, (%)
449 Figure 15. Effective packed fracture with the proppant for cylindrical steel plugs and shale rock
450

451  In addition, an attempt was made to simulate the effect of embedment on effective packed fracture
452  with only one proppant layer. The maximum fracture width, corresponding to an average diameter
453  of the tested proppant grains, amounting to 0.450 mm was used for the calculation. It was assumed
454  that the value of average depth of proppant embedment He:and surface damage PDWei, were equal
455  tothe values obtained in test no. 1. The results of this analysis are presented in Figure 16.

456
457 2% < Steel pugs Shale rock
4 5 8 = S Max. fracture width Fracture packed with only one proppant layer
£ packed with only one proppant layer
I =
459 5
460 .
461 o
462 H
8
463 3 5 56
464 s —
465 e
466 g //”'/ 0 0,450 0 0,0254 0,425
467 P el
468 : —
et Wr PRWf Het Ws PRWf
469 B Het -- Total average depth of proppant embedment in the fracture faces, (mm)
470 B Wf — Fracture width packed with proppant, (mm)
47 1 B PRWf — Percentage reduction of the fracture width packed with proppant, (%)

472 Figure 16. Effective packed fracture with the proppant for shale rock packed with one layer of proppant (grains
473 size 0.600+0.300 mm).
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474 4. Discussion

475 Measurements are performed for a light ceramic proppant with 0.600+0.300 mm grains size, low
476  surface concentration of proppant 2.44 kg/m? and axial compression stress 48.3 MPa for 6 hours at 70
477  °C. The average diameter of the proppant grains is 0.450 mm. The tested dry shale rock is
478  characterized by a slight damage to the surface of the fracture face by the embedment phenomenon,
479  amounted to 17.1 %. The total depth of proppant embedment in the fracture faces is 0.0254 mm. The
480 obtained width of the fracture is 1.489 mm, therefore 1.7 % less than the maximum achievable fracture
481  width, which can be 1.514 mm, for the specified test conditions. For the additionally simulated
482  maximum fracture width (0.450 mm), corresponding to only one layer of the tested proppant, the
483  decrease of the maximum fracture width by 5.6 % is obtained. In this case, the depth of the proppant
484  embedment of 0.0254 mm is used for the calculation. The final width of such packed fracture is 0.425
485 mm.

486  The size of the fracture width determines the flow of hydrocarbons from the reservoir to the wellbore.
487  The tested dry shale rock allows to maintain width of packed fracture in order to flow of
488  hydrocarbons.

489  Test results indicate that the developed method of measurement may be one of the preliminary
490  assessment of the proper selection when choosing the proppant type and fracturing fluid for
491  hydraulic fracturing of unconventional reservoirs, especially shale rocks.
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