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A micromechanical H-M-D coupled model for layered rocks

considering multi-scale structures

Abstract:  An anisotropic H-M-D coupled model was established for saturated layered rocks

containing arbitrarily-distributed cracks of smaller scales and orientated bedding planes of much

larger scales in the framework of thermodynamics. The impacts of anisotropic damage growth and

frictional  sliding  of  cracks  and shear  sliding  and  dilatancy  of  bedding  planes,  as  well  as  the

interaction between cracks and bedding planes on the deformation and permeability of layered

rocks in coupled HM loading conditions, are simultaneously considered in the proposed model.

Numerical  implementation  of  the  nonlinear  coupled  model  was  developed  based  on  the

TOUGHREACT, which is  a  well-established simulator  for  multiphase fluid flow and reactive

transport analysis. The proposed model was first validated with laboratory water injection test

results on rock blocks, and then used to study the effects of injection rates, in-situ stresses and

existed bedding planes on fluid injection processes at the field scale, demonstrating the importance

to  consider  the  variation  of  multi-scale  structures  for  better  understanding  the  coupled  HM

responses in layered rocks.

Key words: Layered rocks; Anisotropic damage; Hydro-Mechanical coupling; Micromechanics;

Permeability variation

1. Introduction

Couplings between the hydrological and mechanical processes in rock mass play a crucial role in

various engineering activities (Chen et al. 2007, Figueiredo et al. 2015, Kim et al. 2015, Guayacán-

Carrillo et al. 2017, Cañamón et al. 2019, Yi et al. 2019, Gao & Ghassemi 2020, Wu et al. 2020),

such  as  underground  resources  exploitation  and  utilization,  radioactive  waste  disposal,  CO2

geologic sequestration, underground hydraulic tunnels or caverns, etc. Among these engineering

applications, layered rocks are usually encountered due to the inherent anisotropy of rock masse

commonly distributed on earth (Barton & Quadros 2015). Being a highly structural geological

media,  the  layered  rocks  are  comprised  of  rock  blocks  separated  by  oriented  macroscopic



discontinuities, such as bedding planes, lineation, persistent joints, foliation, or schistosity, which

significantly influence the anisotropic permeability and deformation. The Hydro-Mechanical (HM)

properties of layered rocks are essentially controlled by the pores and cracks of smaller scales

within rock blocks and oriented macroscopic discontinuities of much larger scales, and as the

geometries of these void system change, the deformation and flow behaviors in layered rocks under

HM loading change accordingly. Therefore, the HM responses of layered rocks are in nature scale-

dependent  and  deformation-dependent.  Owing  to  the  multi-scale  void  system  and  complex

interactions  between  the  hydraulic  and  mechanical  behaviors,  developing  a  reliable  numerical

method for the coupled processes in layered rocks remains an issue of great challenges. 

In  consideration  of  the  oriented  macroscopic  discontinuities,  many  anisotropic  elastoplastic

constitutive models  have been proposed  by treating the  layered  rocks  as  transversely isotropic

media.  The  elastoplastic  models  are  mainly  obtained  from  the  extension  of  the  isotropic

formulations  by  introducing  transversely  isotropic  Hooke’s  law  for  elasticity,  orientation

dependence of anisotropic failure criterion for plasticity (Chen et al. 2012, Ismael et al. 2019,

Wang et al. 2019, Forero et al. 2020), and directional-dependent Biot coefficients for poroelasticity

(Cheng 1997, Guayacan-Carrillo 2017). In the work done by Guayacan-Carrillo et al. (2017), for

instance,  a  fully  coupled  anisotropic  poroelastic  model  was  developed with  the  accounting  of

transversely isotropic elastic stiffness tensor, two different Biot coefficients in the direction parallel

and perpendicular to the plane of isotropy. In these models, the anisotropic deformation and failure

characteristics are well captured, but the effect of mechanical deformation on the permeability is

rarely  considered.  The  dependence  of  permeability  on  the  changes  in  oriented  macroscopic

discontinuities  is  usually  modeled  by  separating  the  deformation  of  oriented  macroscopic

discontinuities  from that  of  the  equivalent  medium (Chen  et  al.  2007,  Wilkins  & Qu  2020).

However, the above models mainly focus on the influence of oriented macroscopic discontinuities

on the deformation, flow, and coupling characteristics, but rarely consider the variation of cracks of

smaller  scales  simultaneously.  In  the  deep-seated  environment,  the  contributions  of  the  crack

system to the coupled HM behaviors in layered rocks may be comparable to that of the oriented

macroscopic discontinuities  due to  well-sealed and less  density  of  macroscopic discontinuities

under  high  in-situ  stress  condition  or  seriously  damaged  of  cracks  in  the  rock  blocks  under



engineering  disturbance  (Liu  et  al.  2016).  In  consideration  of  cracks  of  smaller  scales,  the

micromechanics-based damage modeling methods have been identified as the excellent approaches

for relating the macroscopic behaviors of the material to the microscopic characteristics of cracks

with  clear  physical  mechanisms  (Zhu  &  Shao  2017).  Although  many  micromechanics-based

damage constitutive models have been proposed to characterize the microcracking behaviors (Zhu

et al. 2008, Qi et al. 2016, Zhu & Shao 2017), most studies are limited to mechanical responses,

and the variation of bedding plane structure is rarely considered simultaneously. It’s of theoretical

importance to study the anisotropic H-M coupling models for layered rocks accounting for the

variation of multi-scale structures.

In this paper, a Hydro-Mechanical-Damage (H-M-D) coupled model for saturated layered rocks

that contain cracks in rock block separated by bedding planes of much large scales is proposed

with numerical implementation via adding mechanical process to a multiphase fluid flow, heat and

reactive transport code,  TOUGHREACT (Xu et al., 2011). Section 2 presents a description of the

coupled constitutive model derived from the proposed free enthalpy of saturated layered rocks, the

influences  of  crack  initiation  and  propagation  at  the  microscopic  scale,  and  bedding  planes

deformation  at  macroscopic  scale  on  the  evolution  of  deformation  and  permeability  are

simultaneously accounted in the proposed model. Computational aspects of the TOUGHREACT-

based  numerical  implementation  are  discussed  in  Section  3,  in  which  validation  studies  are

performed against laboratory injection tests on rock block and anisotropic strength experiments on

layered rocks. Section 4 provides numerical examples of the proposed model on water injection

modeling at field scale addressing the influence of multi-scale structures, followed by conclusions

presented in Section 5.

2. Formulation of a H-M-D coupled model

The hydro-mechanical property of layered rocks is essentially controlled by the internal micro-/

macro-structures, which are pores and cracks of smaller scales and bedding planes of much larger

scales.  To  accounting  the  multi-scale  structures  in  model  development,  the  layered  rock  is

represented by the homogeneous elastic solid matrix weaken by randomly distributed cracks and

cut by oriented bedding planes.  The elastic  behaviors  of  a  solid  matrix  can be obtained by a

preliminary  homogenization  procedure  accounting  for  the  presence  of  pores  (Dormieux  et  al.



2006). 

In consideration of the representative volume element (RVE) of layered rocks,   (Fig. 1), it

contains penny-shaped cracks arbitrarily distributed in rock blocks segmented by a set of parallel

bedding  planes  with  negligible  aperture  compared  to  average  spacing.  Let   be the  uniform

macroscopic stress field prescribed on the boundary of the RVE saturated by a fluid pressure p. At

the macroscope scale, the bedding planes are modeled as an interface. According to the continuity

of stress vector when crossing bedding planes (Chen et al. 2006, Liu 2018)

                          (1)

where , are the macroscope stress tensor of rock block and bedding plane.

Fig. 1 Homogenization of the layered rocks in model development

A two-step homogenization technique is adopted to formulate the H-M-D coupled model of

layered rocks to account for the multi-scale structures (Fig. 1). In which the first step is aimed to

characterize the macroscopic mechanical responses and deformation-dependent permeability of

rock blocks and bedding planes in consideration of their microstructural features (crack system in

rock blocks and asperities distributed in rough bedding planes). While the second step is focused

on determining the effective mechanical and hydraulic behaviors of layered rocks by accounting

the homogenized planar bedding planes embedded in the homogenized rock blocks.
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2.1. Free enthalpy of saturated layered rocks

At the first-step homogenization, the rock block with the assumption of uniformly distributed

penny-shaped  cracks  embedded  is  homogenized  by  the  Eshelby  solution-based  upscaling

procedure. Following the free energy of saturated cracked rocks (Chen et al. 2013, Zhu 2016), the

associated free enthalpy  of rock block using the Mori-Tanaka homogenization scheme can be

obtained by Legendre-Fenchel transform of the free energy (Zhu et al. 2008, Liu et al. 2016)

(2)

where is the macroscopic strain contributed by the cracks, β

and γ are the volumetric averaging of opening and sliding of cracks,  is the unit

sphere surface accounting for uniform randomly-distributed cracks,   denotes the unit normal

vector of randomly-distributed cracks;   is the isotropic elastic compliance tensor of the solid

matrix, which is characterized by its Poisson’s ratio  and Young’s modulus ; H0 and H1 are

two elastic  parameters  calculated by   and  ;   is  the

second-order identity tensor;   is the unit normal vector of bedding planes;  is the

microscopic damage variable defined by crack density, denotes the number of cracks per unit

volume, a is the average radius; , B are the Biot modulus and Biot coefficient tensor of cracked

rock blocks, they are related to the homogenized effective tensor of cracked rocks, with uniform



randomly-distributed  cracks  in  rock  blocks  an  isotropic  Biot  coefficient  tensor  is  used  for

simplification (Xie et al. 2012, Hu et al. 2020), , ,  and  are

the Biot coefficient and initial porosity for rock blocks.

Meanwhile, the surfaces of bedding planes at microscope scale are usually rough with different

scale of asperities, which play an important role on the deformation behavior. By the first-step

homogenization, the parallel plate model with constant aperture is used to geometrically simplify

the rough bedding plane,  while  the influences  of  roughness  on the  shear sliding behavior are

captured  with  the  equivalent  asperity  angle  (Liu  et  al.  2016).  The  macroscopic  mechanical

behavior of homogenized saturated bedding plane can then be described with the effective stress

(Maghous et al. 2013)

                  (3)

where  is the total displacement jump across the bedding plane, which is comprised of the elastic

component  and plastic component ;   is the total stress acting upon the bedding

plane;  is the second-order elastic tangent stiffness tensor, with

assumption of constant tangential stiffness  and normal stiffness ; is the Biot coefficient

for bedding planes.

According to the displacement jump of homogenized planar bedding planes presented in Eq. (3),

at  the second-step homogenization, the macroscopic strain of layered rocks contributed by the

bedding planes is described as

              (4)

where SJ is the average spacing of bedding planes. Accordingly, the free enthalpy  contributed



by the bedding planes can be written as (Liu et al. 2016; Liu 2018)

         (5)

where ,  are the normal and tangential components of 

stress vector acting upon the bedding plane.

Based on the obtained free enthalpy contributed by the cracked rock blocks, Eq. (1), and the

bedding planes, Eq. (5), the total free enthalpy  of saturated layered rocks can be provided by

the second-step homogenization

  (6)

2.2 Constitutive model and internal variables evolution

According to the free enthalpy of saturated layered rocks presented in Eq. (6), the macroscopic

stress-strain  relation  and  porosity  evolution  equation  can  be  obtained  by  the  state  law  of

thermodynamics

       (7)

       (8)

where  is the porosity of the RVE. Both the influence of cracks in smaller scales and bedding

planes in much larger scales on the macroscopic strain and porosity evolution of saturated layered

rocks are better characterized with Eqs. (7) and (8). The macroscopic stress can also be described

with the macroscopic strain by direct inversion of Eq. (7)

                  (9)



where  is the equivalent elastic stiffness tensor for layered 

rocks; is the macroscopic plastic strain contributed by bedding planes.

The  constitutive  model  of  layered  rocks  presented  in  Eq.  (7)  under  the  framework  of

thermodynamics contains four different types of internal variables,  d,  β,  γ and . The internal

variables, d, β and γ are used to characterize the microcracking process in cracked rock blocks, and

can be determined by their conjugate thermodynamic forces, ,  and 

              (10.a)

                (10.b)

            (10.c)

With opened cracks,   and   are  vanished, internal  variables β and  γ can  be directly

obtained by Eqs. 10(b) and 10(c). For closed cracks ( ), both normal compressive induced

cracks closure and sliding dilation induced cracks opening are considered. In which the former

normal deformation mechanism is modeled by a hyperbolic function , 

and   are the initial closure and normal stiffness of cracks; while the latter sliding dilatancy

mechanism is modeled by the associative Mohr-Coulomb criterion ,  is the

friction angle of cracks. Evolution of d is guided by the following criterion



                (11)

where  is the material resistance to further crack propagation, it attains the maximum value

 at the critical damage dc. In order to characterize the anisotropic strength characteristics of

layered rocks, the interaction between cracks and bedding planes should be considered. Due to the

complex interaction between cracks and bedding planes, the microcracking process of cracks is

affected by the bedding planes. Two approaches are used here to practically handle the mechanical

interaction between cracks and bedding planes.  In the first  approach the damage resistance of

cracks is related to the microstructure tensor of layered rocks by the following expression (Liu et

al. 2016)

                  (12)

where  ;  A1,V0,  b1,  are parameters used for characterizing the interaction

between cracks and bedding planes. In Eq. (12), the damage resistance of cracks is closely affected

by the normal vector of bedding plane and the generalized loading vector.

The approach presented in Eq. (12) had been proved to be capable of better capturing the

anisotropic strength characteristics of slate rocks (Chen et al. 2016; Liu et al. 2016). Due to the

existence of  bedding  planes,  the crack damage resistance may also rely  on the orientation  of

cracks, which is not accounted in Eq. (12). To consider this effect, the other approach is formulated

with the assumption that the cracks tends to easily propagate with orientation being close to the

bedding planes direction (Heng et al. 2015): 

                       (13)

where  ;   and   are the material parameters for characterizing crack-bedding

plane interaction. From Eq. (13), one can find that  reaches its minimal value  when the

crack orients parallel to the bedding planes ( ), and its maximal value  when the crack

orients perpendicular to the bedding planes ( ).

On the other hand, the plastic deformation   contributed by bedding planes is modeled by

the  classical  saw-tooth  model  with  an  equivalent  asperity  angle   to  practically  account  the

influences of multi-order asperities (Lee et al. 2001; Liu et al. 2016). The non-associative Mohr-

Coulomb criterion is adopted to characterize the sliding and dilatancy behaviors of bedding planes,



with the  slip function FJ and the slip potential QJ established on the asperity surface (Liu et al.

2016): 

       (14a)

                        (14b)

where  , ;   and   are  the  basic  frictional  angle  and  cohesion  of

bedding planes. If the degradation process of surface roughness for bedding planes during shearing

is considered, the equivalent asperity angle could be described as a function of plastic tangential

energy (Liu et al. 2016).

2.3 Permeability variation model for layered rocks

The effective permeability of layered rocks is contributed by three parts, rock matrix, crack

system and bedding planes. With the variation of crack system and deformation of bedding planes

modeled  with  the  constitutive  model  presented  above,  the  permeability  of  deformable  layered

rocks  changes  accordingly.  Following  the  two-step  homogenization  procedure,  the  effective

permeability of layered rocks can be better express as (Liu et al. 2016)

 (15)

where  ks, , are  the  permeability  of  rock  matrix,  crack  system with  initial  opening  β0 and

density  d0,  and  bedding  plane  with  initial  aperture ;   is  an  exponent  representing  cracks

connectivity;  is the volume fraction of cracks;  is the normal displacement jump of bedding

plane.  In  Eq.  (15),  the  change in  the  permeability  of  layered  rocks  under  stress  and  pressure

loading is caused by the damage growth of cracks (the 2nd term on the right hand side) and the

deformation of bedding planes (the third term).

It can be seen from Eqs. (7), (8) and (15) that the evolution of strain, porosity and permeability

of  layered  rocks  under  coupled  HM loading  condition  are  characterized  with  accounting  the

variation of  multi-scale  structures (cracks in  smaller  scale  and bedding planes in  much larger



scale). Both the initiation and propagation of cracks and friction sliding and dilatancy of bedding

planes are well simulated by the proposed model. When only considering the coupled processes in

rock blocks without accounting bedding planes, the coupled models presented in Eqs. (7), (8) and

(15) can be simplify for the case of saturated cracked rocks as

                          (16)

                 (17)

         (18)

3. Computation approach and model validation

The proposed constitutive model presented in Eqs. (7)~ (9) and the effective permeability model

presented in Eq. (15) for layered rocks have been integrated in previous developed finite element

code  (Liu  et  al.  2016),  and  then  coupled  with  the  well-  established  computer  code,

TOUGHREACT (Xu et al., 2011). Being widely used in practice, TOUGHREACT is capable of

handling coupled hydraulic, thermal, chemical and biological processes in subsurface geological

media  with  physical  and  chemical  heterogeneity  under  non-isothermal,  multiphase,

multicomponent condition. TOUGHREACT had been linked with geomechanics codes to perform

coupled  thermal,  hydrological,  chemical  and  mechanical   (THMC)  simulations,  such  as

TOUGHREACT-FLAC which links TOUGHREACT with FLAC3D (Itasca, 2009) and has been

applied to analyze THMC processes in geologic radioactive waste repository (Zheng et al. 2015,

2017).

In this study, TOUGHREACT is used to solve the fluid flow problem and determine the fluid

pressure distribution used for mechanical process analysis, the governing equations of fluid flow

implemented  in  TOUGHREACT can  be  referred  to  Xu & Pruess  (2001).  Note  that  the  fluid

pressures modeled in TOUGHREACT are at the center point of each element, which should be

interpolated to the corners of each element for mechanical process analysis. Due to the strongly

nonlinearity  of  presented  micromechanical  damage  constitutive  model,  the  H-M-D  coupled

processes for layered rocks is appropriate to solved sequentially with an interlaced algorithm (Fig.



2). At each time step Δt, the fluid pressure p is first solved by the TOUGHREACT code, and then a

prediction-correction algorithm is utilized for handling the mechanical-damage coupled process

(Liu  et  al.  2016)  and  updating  the  permeability  and porosity  of  layered  rocks  utilized  in  the

TOUGHREACT. 

Fig. 2 Schematic of ToughReact-based H-M-D coupled simulation for layered rocks

(1) Numerical simulation of laboratorial water injection test in rock blocks 

The proposed model is first validated with the experimental data of hydraulic fracturing under

water  injection  process  on  coal  sample  (Wu  et  al.  2018).  During  the  experiment,  water  was

continuously injected to the circular hole in the center of the cube coal sample after confining

pressures being applied on the outer boundaries. Injection pressure and acoustic emission events

were monitored with increasing of injection time. To simulate the experiment, the numerical model

used in the simulation study is a square domain with side length of 0.3m and a circular hole with

radius of 0.004m in the center. During the numerical simulation, the rock is assumed rigid with

only the hydraulic fracture considered.

The finite element mesh used in simulation is shown in Fig. 3, which has 3200 elements and

6560  nodes.  The  left  and  bottom  side  are  constrained  with  rollers,  while  the  top  and  right

boundary are applied with compressive stresses of 15MPa and 12 MPa, respectively. At initial

state,  the  whole  numerical  calculation  domain  has  a  uniform water  pressure  of  0.1MPa.  The

injection rate of water into the center hole is 0.15mL/s. In consideration of the compressibility

effects of the experimental system (Gao and Ghassemi 2020), a small injection rate of 0.0075mL/s

is applied in the first 120s before water is injected from the center hole boundary at constant rate of

0.15mL/s. The parameters for modeling the hydraulic fracturing experiment are listed in Table 1,

TOUGHREACT-based 
fluid flow solve

M-D coupled 
process solve

Fluid pressure 1. Update effective permeability
2. Update porosity

1. Calculate stress and strain
2. Crack growth, opening, closing
3. bedding plane opening, closing

Calculate fluid pressure



the initial isotropic permeability of  the experimental sample is  1×1017m2 adopted from Yi et al.

(2019), the Biot coefficient is 0.8 taken from Hu et al. (2010).

Fig. 3 Finite element mesh used in simulation of water injection test in rock block

Table 1 Model parameters for the hydraulic fracturing experiment

Parameter Setting

Young’s modulus of solid matrix Es 4.0 GPa

Poisson’s ratio of solid matrix vs 0.3

Critical damage resistance of microcrack V(dc) 3×104 MPa

Critical damage dc 1.0

Biot coefficient for rock block b0
R 0.8

Initial opening of microcrack β0 0.01

Initial crack density d0 0.02

Isotropic permeability of rock matrix ks 1.0×1018 m2

Initial permeability of microcracks k0
c 1.4×1015 m2

Exponent constant χ 1.5

Time step Δt 30 s

Fig. 4 shows the computed and measured water injection pressure at point A (Fig. 3) near the

center hole surface. The injection pressure increases sharply after a slow growth at the beginning

with  little  frequency  of  acoustic  emission  hits.  The  model  calculation  match  well  with  the

experimental results. The calculated water injection pressure increases up to about 17MPa in the

first 300s, at which time the sample begins to break, and then basically remains constant, and data

from the test show similar behavior. Note that model and data have slight discrepancy as the data

shows oscillation probably due to the heterogeneity of tested sample and model has simplification

and uncertainties in material parameters. but the ballpark behavior is well reflected. A significant

overestimation of data by the model without the mechanical process indicates the importance to

consider the coupled hydraulic-mechanical processes and the effectiveness of the proposed model.
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Fig. 4 Measured and predicted injection pressure varied with injected time

Fig.  5  shows  the  fracturing  characteristics  obtained  by  the  experiment  and  distribution  of

damage-induced  permeability  variation at  the  end  of  numerical  simulation.  Under  the  water

injection, the predicted damage-induced permeability increases up to 3 orders of magnitude. The

macro  hydraulic  fractures  generated  in  the  experiment  are  discontinuous  and  stochastically

propagated.  While  the  damage zone  predicted  by  the  calculated  damage-induced  permeability

change is  expanded continuously in  all  directions around the hole and more developed in the

maximum boundary stress direction, which is similar to the acoustic emission distribution. From

the above analysis based on Figs. 4 and 5, one can find that although the proposed model in this

study is insufficient to explicitly capture the macro discontinuous fracture developing pattern, it

can reflect the ballpark of hydraulic fracturing response and is therefore feasible. The simulation

results are expected to improve with a more accurate and comprehensive calibration of the model

parameters.

     

(a)                         (b)                      (c)

Fig. 5 (a) Failure characteristics obtained by the hydraulic fracture test (Wu et al. 2018); (b) The
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acoustic emission hit distributions during the test; (c) Distribution of damage induced permeability

change by the proposed model at final injection time (unit: m2)

(2) Numerical simulation of anisotropic strength tests on layered rocks

The anisotropic strength experimental data of Martinsburg slate (Donath et al. 1964) conducted

under different foliation angles (0º ~90º) and confining pressures (3.5MPa ~100MPa) is used to

validate  the  approach (Eq. 13)  for  considering the  mechanical  interaction between cracks and

bedding  planes.  The  model  parameters  are  the  same as  those  (Liu  et  al.  (2016))  used  in  the

validation of  the  first  approach (Eq.  12),  except  the  parameters  and   in Eq.  13 used  for

characterizing crack-bedding plane interaction are calibrated by fitting the test results: =0.01; 

increases linearly with confining pressure, .

Fig. 6 plots the measured strengths of Martinsburg slate by experiment and predicted values by

the  proposed  model  incorporating  the  approach  in  Eq.  13  simulating  crack-bedding  plane

interaction. With the increase of θ, the strength of Martinsburg slate decreases first (θ < 60º) and

then increases (θ > 60º), displaying a typical “U-shaped” variation. The model predictions can

capture the anisotropic strengths of Martinsburg slate under different foliation angles and confining

pressures. The simulated results are in good agreement with the experimental data except for  θ

=90º, the inconsistency at θ =90º would be improved by further accounting the influence of loading

direction. Compared with the predictions (shown by dash-dot lines in Fig. 6) without considering

crack-bedding plane interaction demonstrates that the approach in Eq. 13 can well represent this

interaction for anisotropic strengths characterization. Fig. 7 shows the variation of the critical crack

damage resistance  with the angle between crack and bedding plane calculated by Eq. (13)

for  simulating  the  test  results  under  50MPa  confining  pressure.  The  critical  crack  damage

resistance  increases with the augment of the angle between crack and bedding plane, it gets

the maximum value when the crack is perpendicular to the bedding plane and the minimum value



when the crack is parallel to the bedding plane.

Fig. 6 Measured (dot points) and predicted (solid lines) strengths of Martinsburg slate under

different foliation angles and confining pressures.

Fig. 7 Variation of  predicted by Eq. (13) with the angle between crack and bedding plane

To evaluate the influences of parameters used for characterizing crack-bedding plane interaction,

sensitivity studies on the parameters  and  are conducted at  by varying  from

0.01 to 1.0 and   from 0.2 to 1.2MPa. Fig. 8 shows the parameters   and   have important

influences  on the anisotropic strengths of  layered  rocks.  With the increase  of   and  ,  the

compressive strength generally increases, except in the sliding mode of failure controlled by the

sliding strength of the bedding plane. A higher value of   results in a smaller difference of the



critical crack damage resistance between cracks parallel and perpendicular to the bedding plane.

With the increase of  , the compressive strength in non-sliding failure mode (Liu et al. 2016)

generally  increases.   represents  the  neglect  of  crack-bedding  plane  interaction,  at  this

situation the strength of layered rocks keeps constant in the non-sliding mode of failure (θ < 30º).

The crack damage resistance in different orientations is linearly dependent on the value of , with

the increase of  the compressive strength gradually increases.
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4. A Numerical example at field scale

To further evaluate the effectiveness and accuracy of the proposed coupled H-M-D modeling

approach, in this section numerical model was developed to simulate hydraulic fracturing at the

field scale, focusing on exploring the effect of several key factors: injection rate, confining stress,

and existing bedding planes on fracturing. The size of the computational model is 50m×50m in

cross-section and 1m in thickness, with 1681 elements and 3528 nodes, as shown in Fig. 9. The in-

situ stresses are set to be 14MPa in horizontal direction and 10MPa in the vertical direction, with



uniform fluid pressure of 2MPa. Water injection with a constant rate of 0.4L/s is applied at the

injection point in the center of the calculation area. The total injection time is set to be 8 minutes.

Table 2 lists the computational parameters used in the simulation, the initial permeability of rock

blocks,  contributed by rock matrix and randomly-distributed cracks,  is isotropic with value of

1×1015 m2. Note that the computational parameters for bedding planes are only used in the cases

with existing bedding planes, while in the other cases no bedding planes are accounted for. Since

the practically damage density and damage-induced permeability would not increase limitlessly,

the maximal damage is assumed to be two times bigger than the critical damage in the simulation.

Fig. 9 Computational domain and finite element mesh for water injection in field scale

Table 2 Computational parameters used for numerical examples

Category Parameter Setting

Rock block Young’s modulus of solid matrix Es 10.0 GPa

Poisson’s ratio of solid matrix vs 0.3

Critical damage resistance of microcrack V(dc) 3×104 MPa

Critical damage dc 0.5

Biot coefficient for rock block b0
R 0.8

Initial opening of microcrack β0 0.01

Initial crack density d0 0.02

Isotropic permeability of rock matrix ks 1.0×1016 m2

Initial permeability of microcracks k0
c 1.4×1013 m2

Exponent constant  1.9

Bedding plane Initial aperture a0
J 0.02mm

Average spacing SJ 0.1 m

Initial permeability of bedding plane k0
J 5.0×1012 m2

Normal stiffness HT 200 MPa/mm

Tangential stiffness HN 200 MPa/mm
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Biot coefficient for bedding plane b0
J 1.0

Numerical simulations are firstly conducted with three different time steps: 20s, 30s and 40s, to

verify the  numerical  stability.  Fig.  10 plots  the calculated evolution of  pressure at  the  central

injection point with different time steps. The pressures at the injection point with different time

steps are very close. Fig. 11 depicts the distributions of mean damage density  at the

final injection time (480s) for three different time steps. One observes that the damage distribution

results for the three cases are almost the same. The agreements of pressure and damage results

obtained with different time steps demonstrate the stability of the proposed model.
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Fig. 10 Evolution of the pressure at central injection point with different time steps

Fig. 11 Distribution contours of mean damage density  at final injection time for three different

time steps

4.1 The effect of injection rate

Three constant injection rates, 0.2L/s, 0.4L/s, and 0.6L/s, are adopted in this part to study the
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influence of injection rate on the pressure and damage evolution processes by the proposed model.

Fig.  12 displays the evolution of injected pressure at the central injection point with the three

injected rates. The bigger the injection rate, the larger the calculated injection pressure. Under each

of the three injected rates, the injection pressure increases greatly at the beginning of injection, and

then tends to be stable gradually. At the final injection time, 480s, the water pressure at the central

injection point is 20.1MPa, 23.8MPa, and 27.1MPa corresponding to injection rates of 0.2L/s,

0.4L/s, and 0.6L/s, respectively.
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Fig.12 Evolution of the pressure at central injection point with different injection rates

The distribution contours of damage densities at different times for the cases of different injection

rates are shown in Fig. 13. The injection rate plays an important role in the damage distribution.

The size of the damage area with mean damage density larger than two times of the initial value

increases with the rise of the injection rate. The injection induced damage propagates around the

injection point. The closer to the injection point, the more severely the damage develops. With the

growth of injection time, the damaged area expands in all directions. Due to the anisotropy of in-

situ stresses, the shape of the damaged area is elliptically distributed in space, with larger length

developed in the X direction (applied with larger in-situ stress). Water injection induced damage

propagation in the direction parallel to greater in-situ stress requires smaller fluid pressure. Since

reservoir  production  usually  enhances  under  larger  damage  areas  in  underground  resource

exploitation projects, it’s better to adopt a larger injection flow in practice under the allowance of



operation equipment capacity. 

(a) Injection rate of 0.2L/s

(b) Injection rate of 0.4L/s

(c) Injection rate of 0.6L/s

Fig. 13 Distribution contours of mean damage density  with the injection rate of (a) 0.2L/s, (b)

0.4L/s and (c) 0.6L/s

Figs. 14-16 display the variation of the calculated water pressures and damage densities along the

profiles Ph and Pv (see Fig. 9 for their alignments) at different times under three different injection

rates. Along the two profiles, the damage density and elevated pressure both decrease rapidly with

the increase in the distance from the injection point. The larger the injection rate, the bigger the

damaged area and elevated pressure region at same injection time. Under the same injection rates,

the damage density and elevated pressure along profiles Ph and Pv increase with injection time. The
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greater the damage area, the larger the elevated pressure region. The elevated pressure region is

larger than the damaged area,  demonstrating the water pressure enhancement effect caused by

water  injection  also  extends  to  the  undamaged  area.  At  final  injection  time,  the  distance  of

undamaged area from the injection point is 5.2m and 2.9m along profile Ph and Pv respectively

under 0.2L/s injection rate case, increases to 6.3m and 4.3m under 0.4L/s injection rate case, 7.6m

and 5.2m under 0.6L/s injection rate case. The injection-induced damage area, more developed

along profile Ph, expands obviously with increasing of injection rate. 
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Fig. 14 Variation of the calculated damage density and water pressure along the profiles (a) Ph

and (b) Pv under injection rate of 0.2L/s
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Fig. 15 Variation of the calculated damage density and water pressure along the profiles (a) Ph

and (b) Pv under injection rate of 0.4L/s
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Fig. 16 Variation of the calculated damage density and water pressure along the profiles (a) Ph

and (b) Pv under injection rate of 0.6L/s

4.2 The effect of in-situ stress 

The influence of in-situ stress on the hydraulic fracturing processes is further analyzed in this

subsection by varying the vertical in-situ stress at injection rate of 0.4L/s. Two cases with vertical

in-situ stress of 14MPa and 18MPa are studied, while the horizontal in-situ stress keeps constant

value of 14MPa. The variation of injected pressure at injection point under different in-situ stress

are  calculated  and  depicted  in  Fig.  17.  With  the  increasement  of  vertical  in-situ  stress,  the

calculated injection pressure increases. The simulated final injection water pressure at injection

point enhances from 23.8MPa to 28.2MPa as the vertical in-situ stress increases from 10MPa to

18MPa. 
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Fig. 17 Evolution of the pressure at central injection point with different in-situ stresses

Figs. 18 and 19 shows the distributions contours of damage and pressure at final injection time 

with different vertical in-situ stresses. For different cases of in-situ stresses, the shape of elevated 

pressure region is similar to the damaged area. In the 14MPa vertical in-situ stress case, that is 



isotropic stress state, the damage extends almost uniformly in all directions, the elevated pressure 

and damage contours are approximately in circular shape. But, in the 18MPa vertical in-situ stress 

case, the elevated pressure and damage areas extend preferentially in the vertical direction, which 

is contrary to that of 10MPa vertical in-situ stress case. The size of damage area generally 

decreases with the increase of in-situ stress level, resulting from the expected constraint effect of 

damage propagation with increase of confining stresses. The anisotropy of in-situ stresses affects 

the anisotropic distribution characteristics of damage and pressure.

Fig.18 Distribution contours of damage at final injection time with different vertical in-situ

stresses
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Fig.19 Distribution contours of pressure at final injection time with different vertical in-situ

stresses

Variation of water pressures and damage densities along the profiles Ph and Pv (see Fig. 9 for their

alignments) at final injection time with different in-situ stresses are displayed in Fig. 20. Along the

profiles Ph, the size of damaged area decreases with the increase of vertical in-situ stresses, which

is  expected  since  the  normal  stresses  are  increased,  damage propagation  is  more  likely  to  be

constrained. As a result, the elevated water pressure decreases more rapidly with the increase of

distance from the injection point under higher vertical in-situ stresses. But along the profile Pv, due

to the state of constant horizontal stress the damaged areas under different cases are relatively

σz=－ 14MPa 1.00
0.84
0.68
0.52
0.36
0.20
0.04

d

5m 5m

σz=－ 18MPa

5m

σz=－ 10MPa



close. The variation characteristics of water pressure and damage in the calculated domain are

influenced by the in-situ stress level, determined by the geological condition.

0 3 6 9 12 15
0.0

0.2

0.4

0.6

0.8

1.0
a

D
am

ag
e 

de
ns

ity

Distance from the injection point (m)

sz=－ 18MPa     － 14MPa    － 10MPa
d:                             
p:                             

0

6

12

18

24

30

P
re

ss
ur

e 
(M

P
a)

 

0 3 6 9 12 15
0.0

0.2

0.4

0.6

0.8

1.0

s
z
=－ 18MPa     － 14MPa    － 10MPa

b

D
am

ag
e 

de
ns

ity

Distance from the injection point (m)

d:                             
p:                             

0

6

12

18

24

30

P
re

ss
ur

e 
(M

P
a)

Fig. 20 Variation of damage and water pressure along the profiles (a) Ph and (b) Pv at final

injection time under different in-situ stresses

4.3 The effect of bedding planes

In the above simulations, bedding planes was not considered in the model. In this section, the

effect of bedding planes on water injection and fracturing is investigated for the case with injection

rate of 0.4L/s and in-situ stresses of , . The computational parameters

for bedding plane are listed in Table 2. In initial state, the permeability of layered rocks in foliation

direction contributed by bedding planes is 1.0×1015 m2, equals to the initial permeability of rock

blocks. 

Fig. 21 shows the variation of injected pressure at injection point with accounting the influence

of  vertical  bedding  planes.  The  calculated  injection  pressure  decreases  with  the  existence  of

bedding  planes.  Under  the  same injection  rate,  the  simulated  final  injection  water  pressure  is

18.9MPa with existence of bedding planes, while is 23.8MPa in no bedding plane case. The case

of no crack deformation, only consider the deformation of bedding plane, is also investigated in

Fig.  21.  Without  consideration  the  change  of  cracks  structure,  the  injection  water  pressure

increases  greatly  with  final  injection  pressure  of  32.1MPa,  demonstrating  the  importance  to

account  crack  propagation  and  deformation.  Both  the  damage  of  cracks  and  deformation  of

bedding planes affect the water injection responses in layered rocks.
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Fig. 21 Evolution of injection pressure at central injection point for layered rocks

The distributions contours of damage and pressure at final injection time with accounting vertical 

and horizontal bedding planes are depicted in Figs. 22 and 23. In the vertical bedding plane case, 

damage propagation is more developed in vertical direction, not along the direction applied with 

larger in-situ stress. In the horizontal bedding plane case, the length of damage propagation in the 

horizontal direction is longer than that of no bedding plane case (Fig.13b). The injection-induced 

damage area is highly influenced by the bedding planes. The distributions contour of elevated 

pressure in elliptic shape is also affected by the existence of bedding planes. The major axis of the 

elliptic elevated pressure region is in the same direction with the bedding plane. The injection-

induced opening of bedding plane is closely related to the value of elevated pressure, the aperture 

contours of bedding plane has a similar shape to the elevated pressure region (Fig. 24). The larger 

the elevated pressure, the bigger the aperture of bedding plane.

Fig. 22 Distribution contours of damage at final injection time with different orientations of

bedding planes
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Fig. 23 Distribution contours of pressure at final injection time with different orientations of

bedding planes 

Fig. 24 Aperture contours of bedding plane at final injection time with different orientations of

bedding planes (unit: mm)

Fig. 25 depicts the variation of water pressures and damage densities along the profiles Ph and Pv

(see Fig. 9 for their alignments) at final injection time in consideration of bedding planes. It can be

seen from Fig. 25 that the calculated damage and elevated pressure are affected by the orientation

of bedding planes. In the vertical bedding plane case, the values of calculated damage density

decrease rapidly with the distance from the injection point along both profiles Ph and Pv.  The

length of damage propagation is relatively small, 1.8m along profile Ph and 4.3m along profile Pv.

The elevated pressure dissipates quickly along profile Ph, but slowly along profile Ph due to the

influence  of  vertical  bedding  plane.  In  the  horizontal  bedding  plane  case,  injection-induced

damage propagation is much more developed along profile Ph (with the length of 9.0m) than that

along profile Pv (with the length of 2.2m). The elevated pressure region is also more expanded

along profile Ph, the injected fluid tends to preferentially flow in the same direction with bedding

plane. For the above analysis, one can find that the existence of bedding planes can facilitates

damage propagation and preferential fluid flow along the direction of bedding planes.
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Fig.25 Variation of damage and water pressure along the profiles (a) Ph and (b) Pv at final

injection time with influences of bedding planes

The  distribution  contour  of  elevated  pressure  is  closely  related  to  the  enhancement  of

permeability  during injection process.  Figs.  26 and 27 shows the injection-induced changes in

permeability for layered rocks with vertical and horizontal bedding planes, in which Kx and Kz are

the horizontal and vertical permeabilities, with superscripts  J  and R represent the contributions

from bedding planes and rocks blocks. Although a weak permeability anisotropy of layered rocks

is assigned in initial state (with the anisotropy ratio of 2), the injection-affected area has a strong

permeability anisotropy at the final injection time due to the opening of oriented bedding planes.

In the vertical bedding plane case, the horizontal permeability of layered rocks along profile Ph

increases drastically up to two orders of magnitude (maximum value of 2.8×1013m2), and reduces

rapidly  towards  its  original  magnitude  (1.0×1015 m2)  with  the  increase  of  distance  from  the

injection  point.  The  change of  Kx along  profile  Ph is  only  controlled  by  the  injection-induced

damage in rock blocks. Along profile Pv, the change in vertical permeability of layered rocks is

contributed by both the injection-induced damage in rock blocks and opening of bedding planes.

The cracks damage-induced variation in Kz is dominant only within 0.35m away from the injection

point,  while  the opening of  bedding  planes,  results  from the decrease of  effective stress  with

increase of water pressure, contributes to enhancement of permeability in a much farther region.

In the horizontal bedding plane case, the permeability of layered rocks changes in a different

pattern. The horizontal permeability Kx attains the maximum value of 3.2×1013m2 at the injection

point. As the distance from the injection point increases,  Kx first reduces rapidly within 0.6m,

determined both by the damage of cracks and opening of bedding planes, and then slowly towards



the original  value,  determined mainly  by the  opening of  bedding  planes.  Since  the horizontal

bedding planes pay no contribution to the vertical permeability of layered rocks, Kz along profile Pv

is  determined by the permeability  of  damaged rock blocks,  which decreases sharply from the

maximum value of 2.3×1013m2 to the initial permeability of 1.0×1015m2 within 1.6m away from

the injection point.

From the above analysis, one can find that the variation pattern of Kz in the vertical bedding plane

case and Kx in the horizontal bedding plane case are contributed by both the damage of cracks in

smaller scales and deformation of bedding planes in larger scales, demonstrating the importance to

consider  the  variation  of  multi-scale  structures  for  better  characterizing  injection-induced

permeability change in layered rocks. The existence of bedding planes and their orientation play a

crucial influence on the water injection responses in underground layered rocks.
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Fig. 26 Injection-induced permeability variation at final injection time along the profiles (a) Ph

and (b) Pv for layered rocks with vertical bedding planes
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Fig. 27 Injection-induced permeability variation along the profiles (a) Ph and (b) Pv for layered



rocks with horizontal bedding planes

5. Conclusions

In this study,  a coupled H-M-D modeling approach was developed for saturated layered rocks

containing  cracks  in  rock  blocks  separated  by  rough  bedding  planes  based  on  a  two-step

homogenization.  The  free  enthalpy  of  saturated  layered  rocks  under  coupled  HM  loading

conditions is provided by characterizing the microcracking behavior of cracked rock blocks with

the  Eshelby  solution-based  micromechanical  damage  model  and  the  deformation  behavior  of

bedding plane with the elastoplastic model. The macroscopic stress–strain relation and porosity

evolution  equation  are  then  obtained  based  on  the  free  enthalpy  in  the  framework  of

thermodynamics.  In order to describe the anisotropic strength of layered rocks, the interaction

between cracks and bedding planes is considered by two practical approaches which allow for

studying the influences of bedding planes on the damage resistance of cracks. The permeability of

layered rocks is  also presented by the homogenization approach with the consideration of  the

contributions from cracks initiation and propagation in small scales and bedding planes opening

and closing at larger scales, which are incorporated by the mechanical model. The key contribution

of this study is that the proposed modeling approach simultaneously takes into account of the

effect  of  multi-scale  structures  (cracks  and  bedding  planes)  variation  on  the  deformation  and

permeability change in saturated layered rocks under coupled HM loading conditions.

The modeling  approach  was  implemented  into  a  well-established  code  TOUGHREACT,  and

validated with laboratory experiment of water injection test on coal sample. Good agreements were

achieved between the computed injection pressures and the laboratory data:  the key behavior, a

drastic increase of water injection pressure ( up to about 17MPa) in the first 300s that is followed

by a pressure plateau was well captured by the model.  Validation study performed with strength

tests on Martinsburg slate demonstrated that the proposed model, which considers crack-bedding

plane interaction, described well the typical “U-shaped” anisotropic strengths of layered rocks. The

modeling approach was finally applied to study the effect of injection rate, confining stress, and

existing bedding planes on the fluid injection responses in field scale. Under anisotropic  in situ

stresses condition, the elliptical shape of damage and elevated pressure was more developed in the

direction with larger in situ stress, and as the injection rate increases, the size of damaged area and



elevated pressure region increase accordingly. While under isotropic in situ stress state the damage

propagation and elevated pressure were approximately uniform in all directions. With the increase

of in situ stress, the size of damage area generally decreased. When bedding planes were included

in the model, in comparison with the case without bedding planes, the finial injection pressure was

lower; the distributions of damage and elevated pressure were more developed in the bedding plane

direction. The size of damage propagation was larger in the direction of higher in situ stress for the

case with the horizontal bedding plane whereas size of damage propagation was more developed in

the direction of lower in situ stress for the case with vertical bedding plane case.  The changes in

the  permeability  of  layered  rocks  during  the  injection  process  were  caused  by  the  damage

propagation of cracks and opening of bedding planes. Compared with the contributions of bedding

planes  opening  to  the  permeability  change in  layered  rocks,  the  damage-induced  permeability

changes also play an important role and can’t be ignored in the severely damaged area near the

injection  point.  It  is  important  to  consider  the  variations  of  multi-scale  structures  for  better

modeling coupled HM processes in layered rocks. 
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