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20Abstract:

21This paper presents a modeling approach for studying hydro-mechanical coupled processes,
22including fracture development, within geological formations. This is accomplished through the
23novel linking of two codes: TOUGH2, which is a widely used simulator of subsurface
24multiphase flow based on the finite volume method; and an implementation of the Rigid-Body-
25Spring Network (RBSN) method, which provides a discrete (lattice) representation of material
26elasticity and fracture development. The modeling approach is facilitated by a Voronoi-based
27discretization technique, capable of representing discrete fracture networks. The TOUGH-RBSN
28simulator is intended to predict fracture evolution, as well as mass transport through permeable
29media, under dynamically changing hydrologic and mechanical conditions. Numerical results are
30compared with those of two independent studies involving hydro-mechanical coupling: (1)
3 1numerical modeling of swelling stress development in bentonite; and (2) experimental study of
32desiccation cracking in a mining waste. The comparisons show good agreement with respect to
33moisture content, stress development with changes in pore pressure, and time to crack initiation.
34The observed relationship between material thickness and crack patterns (e.g., mean spacing of
35cracks) is captured by the proposed modeling approach.

36

37Key words: coupled modeling; TOUGH2; lattice models; discrete fracture network; desiccation
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43

441. Introduction

45Geomechanical processes are known to play an important role in hydrogeological behavior
46(Neuzil, 2003; Rutqvist and Stephansson, 2003). Linkage between mechanics and hydrogeology
47occurs in two fundamental ways: (1) through interactions between rock strain, the geometry of
48pores and fractures, and their permeability and porosity; and (2) through interactions between
49fluid pressure and rock mechanical stress (Rutqvist and Stephansson, 2003). Although a number
500f numerical models have been developed using continuum approach for the analysis of hydro-
51mechanical behavior under single phase flow conditions (e.g., Noorishad et al., 1982) and
52multiphase flow conditions (e.g., Rutqvist et al., 2002), the modeling of hydro-mechanical
53coupling with mechanistic representation of damage and fracture initiation/propagation remains a
54major difficulty (Tang et al., 2002). Such processes are of particular importance for mechanically
55weak geomaterials such as clays and shales. As a further complication, fractures can exhibit
56transient behavior as a result of self-sealing processes (Bastiaens et al., 2007). Such issues are
57important, e.g., for geo-environmental issues related to nuclear waste disposal (Bossart et al.,
582004), geologic carbon sequestration (Chiaramonte et al., 2008), and hydraulic fracturing (Kim
59and Moridis, 2013).

60

6 1 Various numerical models have been developed to simulate the fracture behavior of geomaterials
62and structures. Such models can be broadly categorized, depending on whether the domain of
63interest is represented by continuum or discrete elements (Jing and Hudson, 2002). Discrete
64models are based on discontinuous approximations of the field variable over the computational

65domain, which facilitates the modeling of fracture and other discontinuous phenomena. This
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66category includes lattice models, in which complex system behavior is represented by a
67 collection of primitive two-node elements interconnected on a set of nodal points (Herrmann and
68Roux, 1990). Lattice models have been effective in studying the role of disorder in the fracture of
69a variety of materials, including concrete (van Mier, 1997). Particle-based methods, including the
70discrete element method (Cundall, 1971), are another means for studying the interactions of
7 1discrete features and their collective influence on the behavior of geological systems. Varieties of
72alternative approaches are also available, such as use of cellular automata (Pan et al., 2012) or
73boundary element method (Shen et al., 2004) to simulate fracture propagation in geomaterials.
74 Although effective mechanical-damage models are available in the literature, the capabilities for
75simulating hydro-mechanical coupled processes, including fracture development, are still
76limited, especially for modeling fracture propagation in three dimensions.

77

78Regarding fluid flow processes in the subsurface, discrete fracture network (DFN) models have
79been used for decades in situations where flow is dominated by a limited number of discrete
80pathways over the domain of interest, e.g., in naturally fractured formations (Dershowitz et al.,
812004). DFN models successfully addressed shortcomings of conventional continuum methods
82that do not capture observed preferential transport along highly localized channels. The
83directional dependence of flow on fracture network geometry is particularly strong in sparsely
84fractured rock (Painter and Cvetkovic, 2005). Discrete fractures are typically represented in 3-D
85numerical models as planar regions or parallel-plane 3-D objects with high aspect ratios. In 2-D
86numerical models, fractures take the form of line segments or 2-D objects with high aspect
87ratios. DFN models have often been restricted to the representation of fracture flow paths,

88whereas transport within the low-permeable rock matrix is either ignored or represented by
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89approximate methods. When the matrix volume needs to be represented explicitly, such as when
90mechanical processes are considered, the complex geometry of discrete fractures and matrix
91blocks can lead to difficulties in mesh generation, particularly in the presence of fracture
92connections at small angles and fractures with small interceding gaps (Paluszny et al., 2007;
93Reichenberger et al., 2006). Simple and reliable methods are needed to introduce potential
94fracture planes into the computational domain. Furthermore, some problem types require a
95dynamic representation of fracture development within the matrix and its coupling with fluid
96flow.
97
98This paper presents a newly established linking of the finite volume method (via the TOUGH2
99package (Pruess et al., 2011)) and a lattice model based on the Rigid-Body-Spring Network
100(RBSN) concept (Kawai, 1978; Asahina et al., 2011). TOUGH?2 is used to simulate multiphase
101flow and transport through discrete fractures and within the matrix, whereas elasticity and
102fracture development are modeled by RBSN. The coupled analyses account for dynamically
103changing hydrologic-mechanical (HM) conditions that often exist in geological systems.
104Fractures are represented as discrete features that interact with a porous and permeable matrix.
105Existing or newly developed fracture configurations are mapped onto an unstructured, 3-D
106Voronoi tessellation of a spatially random set of points. One advantage of linking TOUGH?2 and
107RBSN resides in their common utilization of a set of nodal points and properties of the
108corresponding Voronoi tessellation (e.g., natural neighbor and volume rendering definitions).
109Shared use of the Voronoi tessellation facilitates every stage of the analyses, including model
110construction and results interpretation. Fractures propagate along Voronoi cell boundaries as

111HM-induced stresses evolve and exceed prescribed material strength values. After describing the



112methodology in Section 2, the basic capabilities of the modeling approach are demonstrated
113through two example applications: swelling stress development in bentonite (Section 3) and
114desiccation cracking in mining waste (Section 4).

115

1162. Methodology

117

118This section starts with brief reviews of the existing codes TOUGH?2, for multi-phase flow and
119transport, and RBSN, for elasticity and fracture development of geomaterials (Sections 2.1 and
1202.2). The linking between TOUGH and RSBN is described in Section 2.3. Several advantages of
121the coupled TOUGH-RBSN simulator stem from its use of Voronoi-based discretization
122techniques (Okabe et al., 2000), which allow discretization of dynamically changing DFNs with
12 3embedded matrix in a simple and straightforward manner. Although TOUGH?2 has the capability
124to simulate temperature variations and some of their effects, the examples considered herein are
125limited to isothermal conditions.

126

1272.1. Hydrological modeling: TOUGH?2 simulator

128

129TOUGH2 is a widely used general-purpose simulator for fluid flows of multiphase and
130multicomponent mixtures in porous and fractured materials (Pruess et al., 2011). The numerical
131solution scheme is based on the integral finite difference (or finite volume) method and is
132compatible with both regular and unstructured numerical grids. Simulations presented here use
133TOUGH2 with the equations of state (EOS) Module 4 for the hydrological processes of water

134flow and vapor diffusion. EOS Module 4 accommodates the transport of liquid water, water

11 6
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135vapor, and air as a noncondensible ideal gas, and accounts for vapor-pressure-lowering effects
136(Pruess et al., 2011). For investigations involving hydro-mechanical continuum behavior,
137Rutqvist et al. (2002, 2011) have coupled TOUGH2 to a commercial mechanics simulator,
138FLAC3D (Itasca, 2009), which has been extensively used in geo-environmental applications.
139

140As an integrated finite difference method, TOUGH allows for flexible gridding that can
141accommodate representation of fractures or fracture networks embedded in a porous permeable
142geomaterial (e.g., Zhang et al., 2004; Rutqvist et al., 2013). Fractures may form, or partially
143form, an interconnected fracture network embedded within the matrix. By utilizing a discrete
144fracture approach, however, continuity of the fracture network is not assumed but rather
145explicitly modeled. Flow within fractures is generally assumed to follow Darcy’s law. The
146intrinsic permeability assigned to individual fractures is often based on a parallel-plate model
147 (Bear, 1972).

148

1492.2. Mechanical-damage model: Rigid-Body-Spring Networks

150

1512.2.1 Model formulation

152Elasticity and fracturing of the permeable medium are modeled using the RBSN method (Kawai,
1531978; Bolander and Saito, 1998), which can be viewed as a type of lattice model. Lattice
154topology is defined by the Delaunay tessellation of the nodal points within the computational
155domain. The basic unit of the RBSN is a 1-D lattice element (Fig. 1) that consists of: (1) a zero-
156size spring set located at the centroid of the Voronoi facet common to nodes i and j; and (2) rigid-

157arm constraints that link the spring set and the nodal degrees of freedom. Each node has six
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158degrees of freedom for the 3-D case. The spring set is formed from three axial springs and three
159rotational springs (referenced to local coordinate axes n-s-t), as shown in Fig. 1, where the
160rotational springs have been omitted for clarity. The axial spring stiffnesses scale in proportion to
161A,/h;, where A; is the Voronoi facet area associated with nodes i and j, and h; is the distance

162between the same nodes. The spring stiffnesses are

‘Ip Iss Itt
k k Blkn B BZ I ¢n Eh’k¢s h ’kd)t Eh_ (1)

i] ij
163in which E is the Young’s modulus, subscrlpt (0] 51gn1f1es the rotational spring terms, J,, Is, and I

164are the polar and two principal moments of inertia of the Voronoi facet area with respect to the
165facet centroid, respectively. By adjusting ; and [, in accordance with experimental results,
166macroscopic modeling of both elastic constants (E and Poisson’s ratio, v) is possible. For the
167special case of B; = . = 1 (which was used for the simulations presented herein), the RBSN is
168elastically homogeneous under uniform modes of straining, albeit without proper modeling of
169the Poisson effect (Bolander and Saito, 1998; Asahina et al., 2011). The six spring coefficients
170are placed in a diagonal matrix

D=(1-w|diag[k,,k,,k ks, K, ky] )

n? sy oy Nond T gs 0

171from which the element stiffness matrix can be formed. Here, ® is a damage index that
172ranges from 0 (undamaged) to 1 (completely damaged). Despite the unusual configuration of a
173RBSN element (Fig. 1), its stiffness matrix is akin to that of an ordinary frame element. Element

174matrices are assembled to form the system equilibrium equations in the conventional manner.

15 8
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T * rigid constraint

id—*
" rigid constraint
175 J

176Fig. 1. Typical lattice element ij with a zero-size spring set located at centroid C of facet area A;.
177Note that A; is the Voronoi facet or cell boundary, and i and j are the neighboring Voronoi cell
178nodes (matrix nodes).

179

1802.2.2 Fracture model

181A fracture is represented by the controlled breakage of the springs linking adjacent Voronoi cells
182along the fracture trajectory. Forces and/or displacements are applied incrementally with
183equilibrium iterations in each increment. Only one element is allowed to break per iteration. For

184each element e within the model, a stress ratio can be expressed by

A

p,=a,o 3)
185where o, is a measure of stress within element e and 0 is the material strength. The most
186critical element with the highest p.>1 undergoes fracturing, which entails a reduction of its
187elastic stiffness and an associated release of element forces. In general, loading direction seldom
188coincides with the element axis ij and, therefore, both the normal and tangential springs are
189typically activated. The resultant of the set of forces in the axial springs, Fr= (F.,*+ F+ F?)’*, is

190used to obtain a measure of tensile stress within each element
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ox=Fy/Aj (4)
191where A;” is the projected area of A; on a plane perpendicular to Fr. This ok serves as ¢, in Eq.

192(3), whereas ¢ varies according to a prescribed tensile softening relation. This representation
1930f fracturing within the RBSN is energy conserving and mesh insensitive for predominantly
194tensile stress fields, i.e., fracture propagates through the random mesh with uniform, controllable
195energy consumption, as if using a straight-line discretization of the crack trajectory (Bolander
196and Sukumar, 2005; Berton and Bolander, 2006). As shown in Fig. 2, tensile softening of the
197RBSN approaches the traction-free condition naturally, without the stress locking and artificial
198energy consumption that is often associated with fracturing of continuum finite elements. Similar
199approaches have been used to simulate interface failure in multiphase composites (Yip et al.,
2002006), fracturing under multiaxial stress conditions (Asahina et al., 2011), shear banding in
201 compression, and other difficult modeling problems such as fracturing and damage of concrete

202(Cusatis et al., 2003; Nagai et al., 2005; Cusatis et al., 2011).

50

—— test program - seven specimens
404 (van Vliet and van Mier, 1999)

30
20|
10

force, F (kN)

RBSN
0 50 100 150 200 250 300 350 400 450
(@) displacement, A (um)
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204Fig. 2. Uniaxial tension test of concrete: a) load-displacement results; and b) crack propagation
205simulated by RBSN. (Adapted from Sukumar and Bolander, 2013)

206

2072.3. Coupling of hydraulic and mechanical damage codes

208

209Rutqvist et al. (2002) have coupled TOUGH?2 to a commercial continuum-mechanics simulator,
210FLAC3D. The general procedure for coupling TOUGH2 and RBSN is similar, but substantially
211modified and extended for modeling discrete fracture propagation. Figure 3 shows a schematic
212flowchart of the linking process between TOUGH2 and RBSN. In this paper, TOUGH2 is used
213to simulate the scalar quantities (e.g., pressure and degree of saturation) associated with fluid
214flow, whereas RBSN accounts for the mechanical quantities (e.g., displacement, strain, and
215stress) of interest. Such primary variables are coupled through simplified linear relationships or
2 16through nonlinear empirical expressions, which could be estimated by laboratory experiments
217with appropriate calibration. As previously noted, an advantage of coupling TOUGH2 and RBSN
218is that both models share the same unstructured, 3-D Voronoi grid and the same set of nodes,
219which simplifies their data exchange. TOUGH2 and RBSN are currently linked through an
220external module, which handles two-way transfer of the relevant quantities at each time step.
221First, a TOUGH?2 to RBSN link supplies multiphase pressure and degree of saturation to update
222the mechanical quantities. The conventional effective stress law of Biot’s theory for a fully
22 3saturated media is (Biot and Willis, 1957)

o=0'—a,PI )
224where o is the total stress tensor, o' is the effective stress tensor, «, is the Biot

225effective stress parameter, P is the pore pressure, and I is the identity tensor. Note that

21 11
22



226tensile stress is positive. The example application presented in Section 3 assumes pore pressure
227to be the maximum of the gas or liquid phase pressures

P:mgx(Pg, P) (6)

228where P, is gas pressure and P, is liquid water pressure (Rutqvist et al., 2001; Vilarrasa et
229al., 2010). This approach is used for both saturated and unsaturated conditions. For example,
230under single phase conditions, the first primary variable is P, or P, . For two phase
231conditions, the primary variable is gas pressure, which is generally greater than the liquid
232pressure. An alternative way to represent pore pressure is by taking the volume average for the
233two phases
1-S
+(&l)P, (7)

P=S,P,i
234where S, is liquid phase saturation. A modified effective stress can be obtained by replacing

235 S, with Bishop’s factor:

o=0"~[x|S|P+(1=x(S)) P I ®
236where x is Bishop’s parameter, a function of the degree of saturation, which was measured

237experimentally for several geomaterials (Bishop et al., 1960). The choice of the definition of pore
238pressure is problem specific and depends on the target materials. In incremental form, Eq. (5)
239becomes
AP
(Lei+AP;)/2 9)
Ao,=Ao,—a i
240where 0, is the stress normal to lattice element ij, and AP; and AP; are the changes in
24 1pore pressures over the time step at neighboring nodes i and j. Note that the pore pressure only

242affects the spring in the normal direction. It is assumed that the local changes of liquid saturation

24 3induce strain as follows:

23 12
24



AS
(L6i+AS;)/2 (10)
Ae=a,i
244where €, is shrinkage/swelling strain; AS is the change in saturation over the time step in

2450ne lattice element; and o, is the hydraulic shrinkage coefficient. AS is taken as the
246average of two neighboring nodes i and j. For an expansive soil material, the effective stress can
247be affected by swelling/shrinking strain as

248

Ao,=A¢e E (11)
249Thereafter, a RBSN to TOUGH?2 link supplies the stress and strain values from the lattice

250elements to update the hydrogeological property values associated with each Voronoi cell in the

251TOUGH2 model (Fig. 3). The following general relations are considered (Rutqvist and Tsang,

2522002)
9=9(0 ) (12)
K=K (o ,¢) (13)
P.=P.0,¢) (14)

253where ¢ is porosity, K is permeability, and P, is capillary pressure. The permeability
2540f an individual fracture depends on its aperture, b. Herein, a parallel-plate model is used in
255which permeability is set equal to b*/12 (Bear, 1972). The example applications presented later
256(in Sections 3 and 4) demonstrate the coupling shown on the left side of Fig. 3 (i.e., the use of
257pressure and degree of saturation supplied by TOUGH2 to drive the mechanical-damage model).
258A subsequent paper will demonstrate capabilities for two-way coupling of thermal-hydrologic-

259mechanical (THM) processes, including abilities to simulate crack-assisted mass transport.

25 13
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|ti——
B Ea ¢, K Py
coupling coupling
module module
RBSN
| aPR 8S ‘ L o O-), 8) a)) b
QO
=
P : pressure &g : shrinkage/swelling strain
S': saturation degree o’ : effective stress
¢ : porosity & : strain
K : permeability  : damage index
P, : capillary pressure b : fracture aperture
ap : Biot’s parameter u : nodal displacements

260
261Fig. 3. Flow diagram of TOUGH2-RBSN linkages for a coupled hydrologic-mechanical (HM)
262simulation. Note that additional nodes and connections are introduced in TOUGH?2 to activate
263flow pathways associated with fracture.

264

2652.4. Model construction

266

2672.4.1 Voronoi discretization

268 To represent discrete fractures in a permeable porous geomaterial, the computational domain for
269both TOUGH?2 and RSBN is effectively discretized as the Voronoi tessellation (Okabe et al.,
2702000) of an unstructured set of nodal points. In this study, nodal points are sequentially placed
271into the domain using a pseudo-random number generator. The use of a random point set
272simplifies mesh generation and avoids potential bias on fracture patterns associated with regular
27 3point sets. A minimum allowable distance I, between nodes is prescribed to control the nodal

27 14
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274point density. With continued nodal point insertion, under the I, constraint, the domain is
275eventually saturated with nodes (Asahina and Bolander, 2011). The Delaunay tessellation of the
276nodal points defines their connectivity. The dual Voronoi tessellation serves to partition the
27 7spatial domain and define model properties, as described in Section 2.2.1.

278

2792.4.2. Discrete fracture representation

280A fracture is considered to be a discrete feature that facilitates flow and mass transport. The
281model explicitly represents such crack-assisted flow and its coupling to flow within the
282permeable medium. Existing or newly generated fractures are directly mapped onto the Voronoi
283grid representing the spatial domain of the system. Figure 4a shows a reference fracture and its
284approximation by a series of Voronoi cell boundaries. Descriptors of the fracture geometry can
285be obtained by field mapping, computer-generated statistical representations, or the simulation
286outcomes of mechanical models. With reference to the 2-D case, a straight-line fracture is
287discretized as follows (Fig. 4a):

288

289 e Discretize the spatial domain with an irregular Voronoi grid.
290 e Overlay the reference fracture onto the Voronoi grid.
291 e Select node-node (natural neighbor) connections that cross the reference fracture. The

292 corresponding Voronoi cell boundaries of such nodal connections represent the reference
293 fracture.
294

295By repeating this process, a network of reference fracture lines can be discretized. Figure 4b
296shows two intersecting fractures that are represented using different discretization strategies.
297Case 1 has been discretized as described above. The grid size should be selected to obtain a

298sufficiently accurate representation of the fracture line. As the nodal point density increases, the

29 15
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299discretized path more closely resembles a line. Advantages of this DFN generation approach
300include the abilities to: (1) simply activate and connect new discrete fractures; (2) automatically
301handle discrete fracture intersections; (3) control mesh gradation (nodal density), which can be
302advantageous for reducing computational expense; and (4) straightforwardly extend to more

303complicated 3-D geometries.

304 Alternatively, straight-line fractures can be precisely discretized, as shown by Case 2 in Fig. 4b,
305through strategic placement of nodal pairs prior to introducing the random nodal point set. Nodes
306in each pair are equidistant from, and aligned normal to, the fracture line. Such DFN
307discretization, however, is either cuambersome or intractable due to difficulties in placing nodal

308points to define intersections of planar fractures, especially for inclined fracture intersections in

3093-D.

310By automating the process of the proposed DFN approach, fracture intersections in 3-D can be
311effectively generated. Figure 4c presents the 3-D version of the Voronoi grid of Fig. 4b, where
312the fractures have been opened to show internal grid structure. Visualization of the DFN is
31 3straightforward, since it simply involves plotting the Voronoi facets that tile the fracture surfaces.
314The mapping of material features onto a computational grid has been used in the modeling of
315multiphase composite materials such as concrete (van Mier, 1997). Heterogeneous features of the
316phase boundaries can be represented through the probabilistic assignment of interface element

317properties (Asahina et al., 2011).

318it is possible to activate dynamically forming flow pathways along a discrete fracture, in which
319fracture nodes and associated connections are introduced at the Voronoi cell boundary. This

320additional kind of hydro-mechanical coupling will be demonstrated in a subsequent paper.

31 16
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321

322

323

e matrix node

Voronoi cell
boundary
reference
fracture

discretized
fracture

324 ©

325Fig. 4. (a) Mapping of a fracture geometry onto an irregular Voronoi grid, (b) two intersecting
326discretized fractures within a graded Voronoi grid; and (c) 3-D representation with open
32 7fractures.

3283. Swelling test simulation

329The first application example of the TOUGH-RBSN simulator features a comparison with an
330independent simulation of hydromechanical continuum processes using TOUGH-FLAC
331(Rutgvist et al., 2011). As mentioned above, the TOUGH-FLAC simulator is a continuum-based
332code with the capability to simulate coupled THM processes under multiphase fluid flow

333conditions. The example given here is based on experimental data that were a part of an

33 17
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334international model comparison project on nuclear waste repositories, DECOVALEX III (Alonso

335et al., 2005). A bentonite with a dry-density of 1.6 g/cm®was used as a test material.

336Consider a soil sample (20%x20%20 mm) that is wetted at the bottom and fully confined
337mechanically, as shown schematically by the inset in Fig. 5. The model is discretized with 20
338nodes and 19 lattice elements. Model boundaries are fully confined with mechanically fixed
339supports, and no flow is permitted across the boundaries except at the wetting surface at the
340bottom. The Young’s modulus is set to 18 MPa, which was assigned as an average representative
341value for this bentonite (Rutqvist et al., 2011). As per test conditions, the initial degree of
342saturation is 65%, and the sample is fully saturated at the end of the test. The porosity and
34 3permeability is set to 0.389 and 2.0x10™' m?, respectively. A target compressive swelling stress
3440f 5 MPa was to be induced by the saturation changes. From this information, the hydraulic
345shrinkage coefficient, as, which can be back-calculated using Egs. (10) and (11), was found to be
3460.794. Water is infiltrated from the bottom by fixing the bottom boundary at full saturation and at
347a gas pressure of 0.5 MPa. Moreover, the initial gas pressure within the sample was set to 0.1
348MPa, whereas the initial (isotropic) stress was set slightly higher to 0.12 MPa. The simulation

349was conducted for about 10 days at isothermal conditions (T=25°C).

350Figure 5 shows the TOUGH2 simulation results for gas pressure and saturation with time at point
351P1 within the swelling model. The simulation results accurately represent those reported in
352Rutqvist et al. (2011), in which the sample becomes fully saturated in 9 days and a temporal over
353pressure occurs as a results of trapped air in the upper part of the simulated sample. Figure 6
354shows the computed values of compressive stress with time. The final stress without the effect of
355gas pressure is 5.12 MPa, which consists of 5 MPa (the calibrated value for stress caused by

356saturation change) on top of the initial stress of 0.12 MPa. The effect of gas pressure can be

35 18
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3570bserved by changing the Biot’s parameter,

358FLAC simulation results agree w

359
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361Fig. 5. TOUGH?2 simulation of saturation and gas pressure with time at point P1 within the

362swelling model.
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364Fig. 6. Simulated time evolution of compressive stress at point P1 for simple swelling models.

3654. Simulation of desiccation cracking of a mining waste

366The second example involves desiccation cracking in a geomaterial. Here, the TOUGH-RBSN

367simulator is used to demonstrate the capability of modeling hydromechanically-induced

368fracturing. Desiccation can occur due to loss of moisture through an exposed surface, which

37
38

19



369induces differential straining within the material volume. Differential straining, and straining
370under restraint, can produce tensile stresses of sufficient magnitude to initiate cracking.
37 1Desiccation cracking of clay has been the subject of many experimental studies (Konrad and
372Ayad, 1997; Colina and Roux, 2000; Lakshmikantha et al., 2012). Numerical models have also
373been developed to study desiccation cracking (Amarasiri et al., 2011; Kitsunezaki, 2011; Shin
374and Santamarina, 2011; Trabelsi et al., 2011). Numerical results given in this section are
375compared with the test results of Rodriguez et al. (2007), obtained from desiccation of a mining
376waste material. For several sample thicknesses, comparisons are made for shrinkage strain,
37 7moisture content, fracture pattern, mean spacing of cracks, and time to crack initiation.

378

3794.1 Experimental program of Rodriguez et al. (2007)

380The basic framework of the experimental program of Rodriguez et al. (2007) is briefly described
381here for completeness. Desiccation processes and associated crack patterns were studied with
382thin disk specimens of a mining waste. The main component of the waste is hematite, which
383mainly consists of fine particles (mostly particles smaller than 80 pm) and classified as low
384plasticity silt. The waste sample was placed in a circular plate with only the top surface exposed
385to atmospheric desiccation, and with the inside bottom of each plate grooved to prevent sliding
386between the plate and the waste. Rodriguez et al. (2007) performed two sets of drying
387experiments, in which samples were (1) exposed to ambient conditions, or (2) dried in
388hermetically closed containers. In this study, we focus on the latter set of experiments, due to the
389better control of temperature and air movement near the material surface. Table 1 summarizes
390the material properties measured on samples before the drying test. Figure 7 shows the

391dependencies of elastic modulus and tensile strength on degree of saturation, which were
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3920btained from a series of experiments. The material was fully saturated at the start of the test.
393Gravimetric moisture contents (Fig. 8) and vertical strain at the top surface were measured
394during exposure to the drying environment. Other measurements related to cracking behavior
395(i.e., time to crack initiation, mean spacing of cracks, moisture contents and vertical strain at the
396moment of crack initiation) are given in Table 2. As Rodriguez et al. (2007) discuss in their
397 conclusions, the experimental study showed the clear influence of sample thickness on distance
398between cracks. Such experimental observation has also been reported in the literature (Colina

399and Roux, 2000; Lakshmikantha et al., 2012).
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401Fig. 7. Experimental data (after Rodriguez et al., 2007) and fitted polynomial curves of: (a)

402Young’s modulus, and (b) tensile strength with degree of saturation.
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4074.2 Model description

408Consider the 3-D model shown in Fig. 9, which represents the mining waste sample subjected to
409drying from the top surface. As indicated in Table 2, samples 225 mm in diameter with three
410different thicknesses (4 mm, 8 mm, and 16 mm) are considered as in the experimental program.
411For thinner specimens, a smaller nodal spacing is used to resolve the thickness direction.
412 Although the crack patterns of similar desiccation tests have exhibited an effect of lateral
413dimension as well as thickness (Colina and Acker, 2000; Bisschop, 2008), the effect of specimen

4141ateral dimensions is less significant than that of its thickness.
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416Fig. 9. Voronoi discretization of the mining waste sample with 16 mm thickness.

417

418TOUGH2 models flow of both gas and liquid phases in response to their respective pressure (or
419concentration) gradients. Prior to drying, the matrix is initially saturated with water; as water
42 Qevaporates, a capillary pressure gradient develops, causing water movement in the matrix toward
42 1the drying surface. The hydraulic boundary condition at the top of the specimen is implemented
422by prescribing a constant value of the relative humidity of environment, 75.7%, for a node
42 3representing a large volume above the top surface. The air partial pressure in Table 1 is obtained
424from saturated vapor pressure at constant temperature, 22.0°C, and the relative humidity of the

425environment. Hydraulic connections are made to the surface nodes, but there are no connections
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426to the mechanical model. The distance between the desiccant and the top of the sample was set
42 7using a diffusive resistance length to represent water vapor diffusion as described by Ghezzehei
428et al. (2004). The diffusive resistance length, ¢ , is related to the steady-state diffusive mass

429flux by

(15)

430where J, is the steady-state diffusive mass flux between constant humidity boundaries at the
431soil surface, C° , and at the desiccant, C* , and D, is the vapor diffusion coefficient.
432The vapor mass flux was computed using TOUGH2 with the EOS7R equation of state module

433(Oldenburg and Pruess, 1995). The model grid represented the desiccator diffusion path
434geometry as used in the Rodriguez et al. (2007) experiments. The value of D, wused was
4352.83%x10° m?%s. The specific value of C°—C> is not important since J, is proportional to

436 Cc°—c* ; C°—cC” s set to the same value used to calculated J, . The steady-state
437diffusive flux was determined from the TOUGH2 calculation to be 7.64x107 kg/m’-s, giving a
438diffusive resistance length of 0.37 m.

439

440For mechanical boundary conditions, the bottom layer of nodes (0.1 mm above the bottom
44 1surface) is restrained, whereas others are free to move. The mechanical bond between the sides
442 of the plate mold and the waste material is considered to be negligible. In these analyses, neither
44 3external mechanical loading nor gravitational loading is considered.

444

445Two parameters (sample thickness and nodal density) are varied, whereas the other input

44 6parameters are kept constant. Material properties are taken directly from the experimental
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44 7measurements of Rodriguez et al. (2007), as presented in Table 1 and Fig. 7. The van Genuchten

448function is used to describe the water-retention characteristic curves (van Genuchten, 1980):

1-A

(16)

449where P, is the air entry pressure, S; is water saturation, the subscripts I; and I refer to the fully
450saturated and residual conditions, respectively, and A is a material parameter. Table 1 presents
451these values. In Fig. 7, curves were fit to the experimental measurements of elastic modulus and
452tensile strength versus the degree of saturation. We used results from the 16 mm sample to
453calibrate the elastic modulus, and then performed blind forward modeling for the 4 mm and 8
454mm samples to demonstrate predictability. Accurate representation of time to initial cracking of
455the 16 mm sample (Fig. 8) was achieved by increasing the elastic modulus by a factor of 2.4 for
456degrees of saturation ranging from 0.9 to 1.0. Adjustment was made to the elastic modulus,
457rather than to other parameters, since few data points were provided in that region of rapid
458change.

459

460Evaporation (or condensation) of water occurs at all gas-liquid interfaces, both inside the matrix
461and at the top surface, however, mass transport through the mining waste matrix is dominated by
462capillary flow whereas evaporation is the only mechanism that permits H,O to exit the matrix at
463the top surface. Fractures induced by shrinkage stress are not coupled into the hydrologic model
464for this calculation. Therefore, fluid movement and vapor diffusion through fractures are not
465included. This is not considered a serious omission, however, because the limiting rate for fluid

466movement overall is vapor diffusion from the top of the matrix. In this section, TOUGH and
467RBSN are coupled only through Eq.(10). The hydraulic shrinkage coefficient, @, (Eq.(10)), is

468determined from the ratio of the saturation change to strain change up to the moment of crack
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469initiation observed in the 16 mm sample. Based on the value of moisture contents in Fig. 8, and
47Qother hydraulic variables (i.e. porosity, initial dry density), saturation at the moment of crack

47 linitiation can be calculated as 92.4%. With the average vertical strain of 2.72%, the coefficient,

472 a, , can be determined as 0.358 according to Eq.(10).

473

474Drying shrinkage produces tensile stresses in the mining waste, which leads to of the formation
4750f fractures in the RBSN model. The simulations were conducted until no significant changes
4760ccurred in the crack patterns. Other complex mechanisms associated with wetting and drying
47 7cycles, time-dependent repetitive crack growth, and crack-assisted mass transport are not
47 8included in this simulation. Furthermore, material aging and creep have not been modeled in the
479simulation presented here because short test durations have been considered. Such factors are
480being considered for extending the applicability of the simulation tools to broader classes of

481problems.
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(@) 7684 nodes (b) 41431 nodes

482 (c) 10221 nodes (d) 16920 nodes

483Fig. 10. Dependence of crack patterns on nodal density for sample thicknesses of: (a), (b) 8 mm;
484and (c), (d) 16 mm.

485

4864.3 Simulation results

487 Sensitivity of the fracture pattern with respect to mesh size was studied using different nodal
488densities for sample thicknesses of 8 and 16 mm (Fig. 10). To make quantitative comparisons
489between the crack patterns, the mean spacing of cracks is measured according to Colina and
490Roux (2000). For the comparisons presented in Fig. 10, the mean crack spacings are: 47.2 and
49151.9 mm for results (a) and (b), and 98.8 and 101.3 mm for results (c) and (d), respectively. In
492lieu of more rigorous studies of mesh sensitivity, these results provide assurance that crack
493patterns are sufficiently independent of nodal density (for the purpose of demonstrating model

494 capabilities through the examples that follow).
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495

496Table 2 presents simulated results for each sample thickness. As expected, the time to crack
497initiation agrees with the test results for the 16 mm specimen. The results for the other specimens
498(i.e., those with thicknesses of 4 and 8 mm), which can be viewed as predictions, are not as
499accurate as the 16 mm results, but show good qualitative agreement with slight underestimation
5000f initiative time. The saturation ratio, obtained from the gravimetric moisture contents, is the
501average value for all nodes. The following observations can be made and agree with the
502concluding remarks of Rodriguez et al. (2007):

503

504 e The time of crack initiation is roughly proportional to the sample thickness.
505 e The vertical strain at the moment of crack initiation does not appear to be affected by the

506 sample thickness.
507 e The mean spacing of cracks increases with the sample thickness.
508

509Figure 11 shows the crack patterns of the samples listed in Table 2. Cracks are connected and
510appear to bound islands of material when viewed in plan. Also, the cracks tend to meet at triple
511junctions in both the test results and numerical simulations. Agreement between the numerical
512and physical test results (with respect to time to initial cracking, trends in mean crack spacing,
513and qualitative representation of the crack patterns) is quite good, especially considering the
514strong dependence of elastic modulus and tensile strength on degree of saturation. The strain
515gradient, produced by drying from the free surface, is affected by the transport properties of the
516medium and restraint conditions. Due to restraint between the sample and base plate, the
517shallower samples exhibit larger strain gradients and, thus, propensity for cracking (Fig. 12).

518Groisman and Kaplan (1994) and Shorlin et al. (2000) have described similar proportionality
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519between crack spacing and sample depth, with the constant of proportionality being larger for
520reduced friction between the material layer and the substrate.

521

522 Although the numerical results capture the general trend between mean crack spacing and
523sample thickness (Fig. 12), the numerical results overestimate the crack spacings. This
524discrepancy is possibly due to toughening behavior of the mining waste, which was not
525considered in these simulations. Lakshmikantha et al. (2012) discuss the importance of fracture
526toughness when studying the mechanisms of desiccation cracking. Residual stress transfer across

52 7forming cracks would promote additional cracking.

528 b)  thickness =4 mm
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529Fig. 11. Crack patterns for different sample thicknesses: (a) experimental results of Rodriguez et

530al. (2007), and (b) plan view of 3-D simulation results of the TOUGH-RBSN simulator.
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532Fig. 12. Variation of mean spacing of cracks with sample thickness. The additional test results

533are also taken from Rodriguez et al. (2007), but for different drying conditions.

5345. Conclusion

535We have established an effective linking of two numerical methods: the finite volume method
536(via the TOUGH2 package) to simulate mass transport within a permeable medium; and the
537RBSN method, which provides a discrete representation of material elasticity and fracture
538development in three dimensions. One main advantage of linking TOUGH2 and RBSN is that
539both codes utilize the same set of nodal points, along with the natural neighbor and volume

54 0rendering definitions according to the corresponding Voronoi tessellation. Several capabilities of
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541the linked TOUGH-RBSN simulator are validated, through simulations of: (1) pressure
542development with increasing saturation degree in bentonite; and (2) desiccation cracking of a
54 3mining waste. In these examples, pressure and degree of saturation supplied by TOUGH2 drive
544the mechanical stress and damage response of the RBSN. For the simulation of desiccation
545cracking, agreement between the numerical and physical test results (with respect to time to
546initial cracking, trends in mean crack spacing, and qualitative representation of the crack
54 7patterns) is quite good, especially when considering the strong dependence of elastic modulus
548and tensile strength on degree of saturation. Discrepancies in calculated observed crack spacing
549suggest needs for further work, including study of the effects of material toughness on

550desiccation cracking.

551With the implemented hydro-mechanical coupling, one can simulate fractures induced by
552differential straining due to changes in degree of saturation, thermal contraction, and fluid
553overpressure. With further development, it is envisaged that the TOUGH-RBSN simulator will
554be an effective means for analyzing a variety of geological applications, including radioactive
555waste disposal, enhanced geothermal systems, petroleum recovery (e.g., shale gas and oil

556extraction), and geologic CO, sequestration.
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