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Abstract

The mechanical behavior of unsaturated porous media under non-isothermal conditions plays a
vital role in geo-hazards and geo-energy engineering (e.g., landslides triggered by fire and geother-
mal energy harvest and foundations). Temperature increase can trigger localized failure and
cracking in unsaturated porous media. This article investigates the shear banding and cracking in
unsaturated porous media under non-isothermal conditions through a thermo-hydro-mechanical
(THM) periporomechanics (PPM) paradigm. PPM is a nonlocal formulation of classical porome-
chanics using integral equations, which is robust in simulating continuous and discontinuous defor-
mation in porous media. As a new contribution, we formulate a nonlocal THM constitutive model
for unsaturated porous media in the PPM paradigm in this study. The THM meshfree paradigm is
implemented through an explicit Lagrangian meshfree algorithm. The return mapping algorithm
is used to implement the nonlocal THM constitutive model numerically. Numerical examples are
presented to assess the capability of the proposed THM mesh-free paradigm for modeling shear
banding and cracking in unsaturated porous media under non-isothermal conditions. The numer-
ical results are examined to study the effect of temperature variations on the formation of shear
banding and cracking in unsaturated porous media.
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1. Introduction

The thermo-hydro-mechanical (THM) behavior of unsaturated porous media, such as soils,
plays a crucial role in various engineering applications, including nuclear waste disposal storage,
pavement design, fault propagation, landslides, geothermal energy utilization, and the perfor-
mance of buried high-voltage cables (e.g.,, [1-7]). Temperature variations can significantly impact
the mechanical and physical properties of unsaturated soils, influencing parameters such as shear
strength, deformation characteristics, fluid flow behavior, and mass transport properties at mul-
tiple length scales [8-16]. For instance, temperature changes can lead to complex behaviors in
unsaturated soils, including volumetric strain or dilation, which may vary depending on factors
like the overconsolidation ratio of the soil. Consequently, both physical experiments and numeri-
cal simulations are essential tools for investigating and understanding the coupled multi-physical
processes involved in solid deformation, fluid flow, and heat conduction within thermally unsat-
urated soils (e.g., [9, 10, 17, 18]). These studies, such as the mesoscale finite element modeling
of shear banding in thermal unsaturated soils [10] provide valuable insights into the behavior of
unsaturated soils under the influence of temperature variations, contributing to more accurate
and reliable engineering designs and assessments. In this study, as a new contribution, we develop
a nonlocal mesh-free THM paradigm for modeling shear banding and cracking in unsaturated
soils under elevated temperatures. For this purpose, we formulate a nonlocal THM constitutive
model for unsaturated soils and implement the THM constitutive model into the meshfree peri-
poromechanics (PPM) paradigm [19-28]. Next, we sequentially review the constitutive modeling
of thermal unsaturated soils and the PPM paradigm.
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Significant progress has been made in thermal constitutive modeling for unsaturated soils in
recent decades, addressing the intricate interplay between thermal, mechanical, and hydraulic be-
havior under non-isothermal conditions [29-34]. These advancements are pivotal in understanding
the response of unsaturated soils in a wide range of geotechnical applications. Numerous constitu-
tive models have been formulated, each tailored to capture specific aspects of thermal-mechanical
coupling in unsaturated soils (e.g, [17, 35, 36]). Some constitutive models have integrated ther-
mal effects into established critical state theories [37], while others have explicitly accounted for
temperature-induced alterations in the water retention curve [32]. Unified models have emerged,
unifying both mechanical and thermal aspects, e.g., leveraging concepts from bounding surface
theory [29, 36]. In addition, micro-structural-based constitutive models have been developed to
elucidate the influence of temperature on capillary stress at solid-water-air interfaces [33]. Note-
worthy contributions include hierarchical models that hierarchically incorporate hydro-mechanical
hardening and thermal softening and models tailored to study cyclic behavior under varying ther-
mal conditions [17, 36]. Collectively, these thermal constitutive models provide invaluable tools
for comprehensively characterizing the behavior of unsaturated soils in response to temperature
fluctuations, contributing to safer and more efficient engineering designs and geotechnical assess-
ments. These advanced constitute models for thermal unsaturated soils have been implemented
into the finite element program [38], which is robust for modeling continuous deformation in un-
saturated soils but not for discontinuities such as shear bands and cracks. In the present study,
we formulate a nonlocal thermal constitutive model for unsaturated soils and implement it into
the mesh-free PPM paradigm to better study shear banding and cracking in thermal unsaturated
soils.

PPM is a nonlocal formulation of classical coupled poromechanics, which is robust for modeling
continuous and discontinuous mechanical and physical behavior of porous media [19-28, 39-42].
In PPM, equations of motion and mass balance are expressed as integral-differential equations
[39, 40, 42]. PPM stands out for its natural ability to simulate multiphase discontinuities through
field equations and material models [23, 26]. By using the stabilized multiphase correspondence
principle, classical advanced constitutive models and physical laws are readily incorporated into
PPM, enabling the modeling of coupled deformation, shear banding, and fracturing in porous
media [19]. In PPM, the energy-based bond breakage criterion has been formulated for modeling
cracks leveraging the effective force state concept [23, 26]. Furthermore, the large-deformation
PPM through the updated Lagrangian framework was developed for unsaturated porous media in
[27, 28]. The yPPM has been formulated to model dynamic shear bands and crack branching in
porous media considering the rotational degree of freedom of the solid skeleton of porous media in
[43-45]. In the present study, we investigate the shear banding and cracking in thermal unsaturated
soils leveraging PPM. The PPM paradigm [19, 20] is used by incorporating a thermal constitutive
model for unsaturated soils.

In this study, we delve into the intricate phenomena of shear banding and cracking within
unsaturated porous media under non-isothermal conditions. A notable contribution of this study
is the implementation of a classical THM material model tailored for unsaturated porous media
into the computational meshfree PPM paradigm. A pivotal aspect of this integration is the
utilization of a stabilized multiphase correspondence principle that effectively mitigates the zero-
energy mode instability. Our implementation of the THM PPM paradigm is realized through an
explicit Lagrangian meshfree algorithm. The return mapping algorithm in computational plasticity
is used to numerically implement the THM constitutive model. To assess the capabilities of our
proposed THM meshfree paradigm, we present numerical examples that illustrate its efficacy in
modeling shear banding and cracking phenomena within unsaturated porous media under non-
isothermal conditions. Our numerical results offer valuable insights into the intricate interplay
between temperature variations and the formation of shear bands and cracks within unsaturated
porous media.

The remainder of this article is organized as follows. Section 2 presents the mathematical
formulation of the THM PPM framework including the thermal elastoplastic material model.
Section 3 is dedicated to the numerical implementation of the proposed PPM paradigm. Section
4 presents numerical examples to assess the accuracy of the numerical implementation at the
material point level and utilize the THM PPM paradigm to model dynamic shear banding and
fracturing in unsaturated porous media under non-isothermal conditions, followed by a summary in
Section 5. Throughout this work, we adopt the sign convention in continuum mechanics, wherein
tensile forces and deformations under tension are considered positive. For pore fluid pressure,
compression is positive, and tension is negative.
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2. Mathematical formulation

In this section, we introduces the governing equation, the stabilized constitutive correspondence
principle, the thermal elastoplastic material model, and the energy-based bond breakage criterion.
In this study, we assume that the matric suction and temperature are known variables, i.e., one-
way coupling. We also assume that no phase change exists between the three phases, i.e., solid,
water and air.

2.1. Governing equation

In PPM, the porous media is represented by a set of mixed material points. A material point
X has mechanical and physical interactions with any material point X’ within its neighborhood,
i.e., a spherical domain H with a radius of § called horizon. The bond ¢ between material points X
and X’ is defined as {= X’— X in the reference configuration. For notation simplicity, the

variables with no prime are associated with X and the variables with a prime means the variables
associated with X’ For a partially saturated porous medium (i.e., solid, water, and air), assuming a
weightless air phase, the total density is defined as

p= (1 — O)/)S + (,‘),S',,,/)u,‘ (1)

where ¢ is the porosity, ps is the intrinsic density of the solid skeleton, S, is the degree of satura-
tion, and pw is the intrinsic density of water. In this study, the degree of saturation is determined
through a temperature-dependent water retention model for unsaturated soils at elevated temper-
atures [17], which reads

] 1
g, o2 — . (2)
1+ [(1170 —1)"3

where v is the specific volume of unsaturated porous media, s is matric suction, a;, by, n and m
are material parameters, and yy is a temperature-dependent air-entry matric suction. This
variable can be determined by

(et boBg ba 3)
1= as + bof ' ’

where a: and b are material parameters, 6, is a reference temperature, and 6 is the temperature
of the mixture.
The motion equation for this porous medium in the PPM framework is written as

pu = / (Z — 2/) Ay’ — pg. (4)

where p is the total density as defined in (1), ii is the acceleration, T and T are the total force
states (i.e., along the bond) , and g is the gravity acceleration. Through the effective state concept

[42] and assuming that matFic suction and temperature are given, the motion equation for the
porous media can degenerate into the motion equation for the solid phase as

piu = //{ (Z — z/) ayv' — pg, (5)

where ps is the partial density of the solid phase, and T and T”are the effective force states.
Assuming the passive air pressure (i.e., zero air pressure), the effective force state at X is defined
as



F = BT e (6)

It is noted that the impact of temperature and matric suction on the mechanical behavior of
unsaturated soils are considered through the thermal constitutive model given the temperature and
matric suction. In what follows, we present the kinematics of the solid phase.

2.2. Kinematics

In PPM, the Lagrangian coordinate is used to modeling the solid phase [23]. Let y and y’ be
the positions of material points X and X’ in the current configuration, respectively. Let u and
u’ be the displacements of material points X and X’, respectively. The deformation state and
the displacement states are defined as

Y=y -y, (7)
Y =u' —u. (8)

Given Y, the deformation gradient tensor in PPM [22] is defined as
A -
where w is a weighting function, and K is the shape tensor [42]. The shape tensor is defined as
H = / § § ) dv’. (10)

It is noted that the shape tensor K is defined referred to the reference configuration. Then, it
follows from (10), (9), and (8), the rate form of the deformation gradient tensor can be written as

F= Uﬁi(zxg) (1'1/’] S, (11)

From (9) and (11), the velocity gradient tensor is determined as
L=FF1 (12)

Given (12), the rate of deformation tensor D can be computed as

B (L 2 LT) (13)

NI}—

According to the polar decomposition theorem, the nonlocal deformation gradient F can be de-
composed as

F = RU, (14)

where R is the rotation tensor that is a proper orthogonal tensor, and U is the right stretch tensor

that is a symmetric positive-definite tensor. The unrotated rate of deformation tensor d can be
obtained by

d=RDRT, (15)

where the superscript T is the transpose operator.

Given the unrotated rate of deformation tensor, the strain increment can be written as
4



Ae = Atd, (16)

where At is the time increment. Finally, given (9) the porosity [46] in the current configuration is

written as
2 (l = (,')0) 3
pi= 1 — ——5, 17
b - (17)
where J is the Jacobian of the nonlocal deformation gradient and ¢o is the initial porosity. We
note that in this study the soil water retention curve is dependent on the porosity as introduced
in Section 2.3.2. Next, we introduce the stabilized constitutive correspondence principle through
which the advanced thermal constitutive model is implemented into the meshfree PPM paradigm.

2.3. Correspondence THM constitutive model

To complete (5), a constitutive model is needed to determine the effective force state. In this

study, the stabilized constitutive correspondence principle [19] is used to implement an advanced
thermal constitutive model for unsaturated soils.

2.3.1. Constitutive correspondence principle

The constitutive correspondence principle is based on the notion that the internal energy in
a porous body from the local formulation in classical poromechanics is equal to that from the
nonlocal formulation in periporomechanics. We refer to [19, 24, 42] for the detailed derivation.

The effective force state in PPM can be written in terms of the effective Piola stress as

N
[l
I
\;l
~

(18)

where P is the effective Piola stress, which can be obtained from the local constitutive model given
the nonlocal deformation gradient. It is note that, assuming passive air pressure (i.e.,, atmospheric
air pressure), the effective stress a is written as

T=0—Sp,l. (19)

where a is the total Cauchy stress tensor, pw is pore water pressure, and 1 is the second-order

identity tensor. Thus, it follows from (18), (6), and (19) that the fluid force state can be written
as

T, =wpulX ¢ (20)

Note that in (20) the small deformation of solid is assumed.

From (18) the effective force state can be computed from a thermal elasto-plastic constitutive
model for unsaturated soils given matric suction, temperature change, and the nonlocal deforma-
tion gradient. The effective Piola stress can be written in terms of the unrotated Cauchy stress
as

P=JsFT, (21)
The unrotated effective Cauchy stress reads
o = RoRT, (22)

where ¢ can be determined from an advanced thermal constitutive model for unsaturated soils.
Next, we introduce the thermal elastoplastic model for unsaturated soils.

2.3.2. Thermal elastoplastic model for unsaturated soils

In this study, the thermal elastoplastic constitutive model is formulated based on the critical
state soil mechanics. Following the small strain theory, the total strain is additively decomposed
to elastic and plastic components as



e =g+ el (23)

where €€ is the elastic strain tensor and &P is the plastic strain tensor. For the thermal elastic
model, the total elastic strain is assumed to consist of the mechanical elastic strain and the
thermal elastic strain. Thus, the total elastic strain is additively decomposed into to mechanical

and thermal parts as

€

e =5, + €5, (24)

where £¢,,.is the mechanical elastic strain and ¢4 is the thermal elastic strain. Given a
temperature change, the thermal elastic strain is determined as

—
[\
(3

S

where By is the volumetric thermal expansion coefficient, which is assumed as a constant in this
study, 6 is the temperature of soils, and 6 o is a reference temperature. Given the total elastic
strain, the effective stress can be written through a linear thermal elastic model as

o= 0 e, (26)
where C is the fourth-order linear elastic stiffness tensor that reads

(-"ijkl =K dij Orl + J ((51‘]‘.5_7‘] + ()1'[()};; — % (511j (5“). (27)

where i,j, k, 1 =1,2,3, K is the elastic bulk modulus, and p is Poisson’s ratio.
Next, we present the thermal plastic model. First, we define the effective mean stress pand
the deviatoric stress q as

P = =t(@). (28)
¢=1/>l[F - pill. (29)

Where || ||is the norm of a tensor. Following the modified Cam-Clay model [17], the yield function
is written as

¢ 2

=9 1 ap
f=p°—Dppc+ ek (30)

where M is the slope of the critical state line and pc is the apparent preconsolidation pressure.
In this study, the apparent preconsolidation pressure depends on the volumetric plastic strain,
matric suction, and temperature changes [17]. Specifically, the apparent preconsolidation pressure
reads

b o
pe = —exp (a) (—])C.O)b [l — aglog (—)] . (31)
to
where
N (¢—1
= M (32)
Ae— R
5 N—F
Bies . (33)
AC— R
c=1—ci[1 —exp(c)], (34)

and ¢ is a bonding variable related to water meniscus between grains, N is the specific volume of

the soil under a unit saturated preconsolidaiton pressure, ¢; and c2 are constants [47], pco is the

apparent preconsolidation pressure at the reference temperature. It is noted that the parameter ¢,
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is the ratio between the specific volume of the virgin compression curve in the partially saturated
state to the corresponding specific volume in the fully saturated state. The bonding variable { [17]
at the reference temperature (i.e., ambient temperature) is defined as

¢=(1-5,)f(s). (35)

where (1-S;) accounts for the number of water menisci per unit soil volume and fA(s) is the
stabilizing normal force exerted by a single water meniscus. The latter is written as

< ) S / Patm 5
i . 36
f(s) 10.7 4+ 2.4 (s/patm.) v

where pam is the atmospheric pressure.
Adopting the associative flow rule, the total THM plastic strain is written as

&P = AL, (37)

where 1 is a plastic multiplier, which is determined by the consistency condition. Next, we
introduce the energy-based bond breakage criterion.

2.4. Energy-based bond breakage criterion

In this study, the energy-based bond breakage criterion [24] is adopted to detect the bond
breakage in the THM PPM framework. The effective force state is used to determine the defor-
mation energy. Thus, the energy density in a bond is obtained as

wo [ (Zz-Z)#ar. (38)

0

where t is the load time. In PPM, the broken bond is modeled through the influence function at
the constitutive model level. In this study, the influence function for bond «- is defined as

1 for W< W,,,
0 forW>W.,,,

W= (39)

where W, is the critical bond energy density. Following linear elastic fracture mechanics, the
critical bond energy density can be calculated from the critical energy release rate as

‘lgc T

wéd

Wey = (40)

where G is the critical energy per unit fracture area. In PPM, when a bond breaks, it will
not sustain any mechanical load. The local damage parameter D at a material point is defined
as

, wd¥’
_@:1_‘[;}?'(;. (41)
f%,(/“l/’

In this study, it is assumed that the crack initiates when D > 0.5 at a material point. In the
following section, we present the numerical implementation of the THM PPM paradigm.

3. Numerical implementation

The THM PPM paradigm is implemented numerically through an explicit Newmark scheme
[38, 48] in time and a Lagrangian meshfree method in space. The return mapping algorithm in
computational plasticity is adopted for implementing the nonlocal thermal elasto-plastic consti-
tutive model at the material point level. Algorithm 1 summarizes the global explicit meshfree
numerical scheme and the local return mapping algorithm at the material point.
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3.1. Global integration in time

In this part, we present the time integration of the governing equations at each material point.
In this study, the explicit Newmark scheme is adopted. Let u,, u'y, and ii, be the displacement,
velocity, and acceleration vectors at time step n. The predictors of displacement and velocity in
a general Newmark scheme read

an.—)—l = iLn =+ (l - ‘gl)Afﬁ'n- (42)
Tnt1 = Up + Attr, + (1 — 262) At?is,, (43)
where B; and B, are the numerical integration parameters. Given (42) and (43), the effective force

state can be determined from the thermal elastoplastic constitutive model introduced in Section
2.3.2. Then, the acceleration at time step n+ 1 is determined by

iint1 = Mihy (Zart = Masag) (44)

where M,+1 is the mass of the solid at time step n+ 1 and T is the effective force at time
step n + 1. The two terms for a material point i are written as

Mn-i—l =pPs (1 = On+1i) Yi. (‘15)
M
g e ey
Tn+1 :Z (szrl.ij - ynJrl.ji) Y% (46)
g=1

where N; is the number of neighbor material points of material point i. From (44), the displace-
ment and velocity at time step n + 1 can be obtained as
il“n-&—l = iin-i—l + "’?1Afi."n+1‘ ('—1’7)
Un+1 = ﬂn-{-l -+ ‘52Af2’il71+1- (‘18)
In this study, the explicit central difference solution scheme is adopted, i.e., B; = 1/2 and
B, = 0. The energy balance check is used to ensure numerical stability of the algorithm in time.

The internal energy, external energy, and kinetic energy of the system at time step n + 1 are
written as

At [ At
7/int.n+1 zylint.n GE T <un, =+ 7’“’11) (9,1 = §n+1) s (49)
NG Aty
Vﬂcxt.n—!—l :7//ext.n I G (un T 91L71> (Mng 7 Mn—i—lg) s (50)
//kin.n+1 :sun-{len—f»lun-{'l‘ ()l)
The energy conservation criterion requires
|7Vkin,n+1 - %xt,n-ﬁ—l <= q/'//int,n-ﬁ—1| S £max (7/1\‘:1'.71,71—0—1 3 yﬂint.n-ﬁ—l 3 7/0xt‘n+1) ) (52)

where "" is a small tolerance on the order of 10-2 [48].

3.2. Implementation of the material model

This part deals with the numerical implementation of the thermal elasto-plastic model at the
material point level through the return mapping algorithm (e.g.,, [10, 18]). First, we present the
procedure for determining the strain increment at a material point i. Given (43), the deformation
state on bond ij at time step n + 1 is written as

Z,l+1_rij = W i A§n+1.ij' (53)

n,ij

Then, the nonlocal deformation gradient at material point i at time step n + 1 is computed by



Frpi= {fz (Q,LHU ® éj) %} ol (54)

j=1

The spatial velocity gradient at material point i at time step n + 1 is written as
[ JVi . -| 5
i T o P
Linyii= [ E WU 11,45 ®E; Y5 | K J Fop1 (55)

The rate of deformation tensor at time step n + 1 is written as

~ 1/~ ~T i
Dn+1.1' — 5 (Ln—l—l.i e Ln-{—l.i) s (r)())

Given (56), the unrotated rate of deformation tensor dn+1i can be written as

T —~
dn-i—l.i — RTL+1‘1'.D’IL+1,L'R71+1_7',' (5()

where Rn+1,i is rigid body rotation at material point i at time step n + 1. Then, the incremental
strain tensor at material point i at time step n + 1 is computed as

Aeg; = Afan+1,i. (58)

Second, we present the procedure for updating the effective stress, given the increments of me-
chanical strain, temperature, and/or matric suction, through the return mapping algorithm. For
brevity in notation, the subscript i of the material point is omitted in the following presentation.
Let sn, Vi and "%,
be the suction, temperature, and elastic strain, respectively, at material point
i at time step n. Let tl"ne, tlV, and tls be incremental mechanical strain tensor, temperature,
and matric suction from time steps n to n+ 1. Here, we assume no return mapping on the suction
and temperature [17, 47]. In this case, the matric suction and temperature at time step n+1 can
be written as

Sqg1 =8z + As, (59)

Bpr =0 + A (60)
Given (60), the incremental thermal elastic strain tl"n+1 is defined as
AcS = %a(,Am. (61)
By freezing plastic deformation, the trial elastic strain is written as
e,tr

€11 = €, + A + Aeg, (62)

Then, the trial specific volume, degree of saturation, and bonding variable at time step n + 1 can
be updated as

Un+1 = Up €Xp (1 - fr(Ei‘_t,_rl)). (63)
. 1 )
‘Sr.n-}—l = 5 ) s (("—L)
s {Hﬂe (Vng1— 1) Sn.+l:|
Cnt1 = (1 — 'S'r.,n-l—l)f(sn-i—l)- (65)

The trial preconsolidatation pressure at time step n + 1 can be obtained from equation(31). To
conduct the return mapping algorithm in the elastic strain space we define the unknown vector as

9



2 2 T g
Tn+1 :{Ei,n—i-l' EEiAn-i—l‘ A)\} ’ (()0)

where €7 ,,,, is the elastic volume strain, €7 ,,, is the elastic deviatoric strain, and A4 is the
plastic multiplier at time step n + 1. The residual vector is defined as

A i
Puid = {7'1.n+1~ T2 n+1 7)3‘n+1} ) ((){)

The elements of the residual vector are defined as

of :

= et A e}

Pigigt = Bt — g i F4A <('_)F>n+l (68)
of ;

By e _ 3_e.tr AN =L 69

e e g " <0q>n+1 () )

"3t = folia (70)

t . . . . t . . . . . .
where ¢, is the trial elastic volume strain and €, is the trial elastic deviatoric strain at

dn+1
time step n + 1. The unknown vector x can be solved following the Newton’s method as follows.
or |* =

S Ji k o

()wn-ﬁ-l = - ()7 L ({1)
T n+1

k1 k sk e

‘Bn.+1 - x'n-i-l + (5:1"71-1—1 ({‘2)

where k is the iteration number. The tangent matrix in (71) reads

Iry orq ory k

5y k Oeg Oey  OAAX

or o Ora Ora Ira 73

T = | Be5 9e§ DAX . (73)
“ In+1 Ors Ors Ors

Oe¢ e OAN n1

After solving the elastic strain, the effective stress at time step n + 1 can be updated through
(26). The unrotated effective stress is

— A
Ont1 = R17,+1071+1RTL+1' (74)

zn~‘r1 :iﬁn'f'l‘%’/ilé' (75)

From (21), the effective Piola stress at time step n + 1 can be computed. Then, the effective force
state at time step n + 1 can be written as

10



Algorithm 1 Summary of the numerical integration of the THM PPM paradigm

Given: wyn, Up. Uy, Op.sn. Af. As, At and compute: wn 1. Uni1. Unst.Ongt, Snsl
1: Update time tp+1 = t, + At
2: while t,; < ¢; do
3 for all points do )
4: Compute the velocity predictor wy, sy using (42)
5 Apply boundary conditions
6 Compute displacement predictor %, using (43)
T for each neighbor do

8 Update deformation state &, ., using (53)
9: Compute deformation gradient tensor F'y, 1y using (54)
10: end for
11: Compute unrotated rate of deformation tensor d;, 1 using (57)
12: Update temperature fl, 1 using (60) and suction s, using (59)
13: Update preconsolidation pressure pe 41
14: Compute trial elastic strain tensor efl':_r, using (62)
15: Compute the trial effective stress 7%,
16: Compute the trial yield function f}7,;
17: if fi", <0 then
18; Update effective stress Tney = oy
19: else if fi"., = 0 then
20: Compute the residual r5
21: if |[rh .|| < Tol then
22: Go to line 30
23: else if ||rk. | = Tol then
24: Compute (61‘/0:1:)ﬁ?l using (73)
25: Solve dzk . | using (71)
26: Update the a:fllll using (72)
27 k+—k+1
28: Go to line 20
29: end if
30: Update effective stress @, .1 using (26)
31: end if
32: Compute the effective force state using (75)
33: Compute Mp+1 using (45)
ad: Solve acceleration wy4; using (44)
35 Update velocity w,41 using (47)
36: Update displacement wu, 4 using (48)
T Compute kinematic energy #in n41 using (51)
38: Compute internal energy #in. n+1 using (49) and external energy #exi ns+1 using (50)
39: Check energy balance
40: for each neighbor do
41: Compute bond energy W
42: if W > W, then
43: Update influence function
44: Update damage variable %,
45: end if
46: end for
47: end for
48: end while
4% n+n+1

4. Numerical examples

In this section, we present three numerical examples to showcase the effectiveness of the THM
PPM paradigm in modeling shear banding and cracking in unsaturated porous media under THM
conditions. Example 1 focuses on the isoerror map to assess the accuracy of the proposed re-
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turn mapping algorithm at the material point level. Example 2 addresses shear banding in an
unsaturated elasto-plastic porous material under biaxial compression and varying temperature
conditions. Example 3 examines crack formation in a disk specimen of an unsaturated elastic
porous material under displacement control loading with increasing temperature.

4.1. Accuracy assessment with isoerror maps

This example evaluates the precision of the return mapping algorithm at the material point
level through numerical testing. To gauge the accuracy of our proposed implicit algorithm, we
employ isoerror maps [49]. The relative error is defined as follows:

V(o —a*): (o —o%)
vo*r:.o*

where Error represents the algorithm’s output and o* denotes the exact solution, determined for
specific strain and temperature increments. Following the methodology in [49], the exact solution
is attained by repeatedly subdividing increments until further division yields negligible changes
in the numerical result. It is important to rote, as pointed out in [49], that while this approach
effectively evaluates the algorithm’s overall accuracy, it is not a substitute for a comprehensive
analysis of accuracy and stability [49]. For this numerical test, the input material parameters
[17, 47] are as follows: bulk modulus K = 83 MPa, shear modulus p = 18 MPa, reference
pressure pco = -35 kPa, reference specific volume 1.9, elastic thermal coefficient 6.67 x 1074,
swelling/recompression index 0.03, compression index 0.11, critical state line slope M = 1,
plastic thermal parameter 0.23, a. = 0.038 kPa"%, b: = 3.49, a= = 335°C,b>=1,n=
0.718, m = 0.632, N = 2.76, initial temperature 25°C, ¢c; = 0.185, and c2 = 1.42.

We consider three distinct cases, each with specific initial conditions. For all cases, the initial
effective isotropic compression stress is set uniformly at -150 kPa, and the preconsolidation
pressure is established at -250 kPa. For Case 1, the initial temperature is 25 °C, with a constant
matric suction of 50 kPa. For Cases 2 and 3, the initial temperature is raised to 50 °C, and the
constant matric suction is increased to 100 kPa. For all three cases, the maximum temperature
increment is set at 10 °C, and the maximum volumetric strain increment is -2%. To visualize the
accuracy, we utilize isoerror maps plotted on a plane defined by the volumetric strain increment
and the temperature increment. These maps employ a color bar to represent the error percentage.
Figure 1 displays the isoerror maps for Case 1. Figure 2 illustrates the isoerror maps for Case 2.
Figure 3 shows the isoerror maps for Case 3. The results in Figures 1 - 3 indicate that greater
algorithmic accuracy can be achieved by adopting smaller increments in both temperature and

strain.
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Figure 1: Isoerror map for case 1.
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Figure 2: Isoerror map for case 2.
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Figure 3: Isoerror map for case 3.

4.2. Shear banding under non-isothermal conditions

This example deals with the shear banding in thermalinsaturated porous media under dynamic
loading conditions. Specifically, we investigate the influence of the effects of temperdture and
matric suction on shear banding. Figure 4 illustrates the model setup for this example. A vertical
displacement of uy = 10 mm is applied to the top boundary at a rate of 50 mm/s. A constant
lateral confining pressure of 35 kPa is enforced on the left and right boundaries. The thermal
elastoplastic constitutive model is utilized for this example. The input material parameters for
the base simulation are: solid phase density 2000 kg/m3, bulk modulus K = 83 MPa, shear
modulus Y = 18 MPa, , elastic thermal coefficient 6.67 X 107*, reference pressure pco = —20 kPa,

reference specific volume 1.9, swelling index 0.03, compression index 0.11, critical state line
slope M = 1, plastic thermal parameter -0.23, a. = 0.038 kPa , b; = 3.49, a. = -335°€,
b. =1, n = 0.718, m°= 0.632, N = 2.76, initial temperature 25 C, c1 = 0.185, and c. = 1.42.
The specimen is discretized into a grid of 25 X 50 material points using a uniform grid spacing of
4 mm. The horizon is set to 8 mm, and the time incrementis 1 X 107* s.
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Figure 4: Model setup for the example of shear banding.

For the base simulation, a constant temperature of 25°C is prescribed within the problem

domain. The matric suction decreases from 25 kPa to 10 kPa at a rate of 7.5 kPa/s. The
results of the base simulation are presented in Figures 5 - 8. Figure 5 plots the loading curve on
the top boundary, demonstrating a softening stage after the peak load due to the reduction of
matric suction. Figure 6 displays the curve of deviatoric stress with vertical strain and the stress
path (in the p q space) of the point at the specimen center. The results indicate that the deviator
stress increases with mean stress until it reaches the critical state line, after which it starts to
decrease due to softening. Figure 7 presents snapshots of the equivalent plastic shear strain in the
deformed configuration at three loading stages. Figure 8 provides snapshots of the plastic
volumetric strain at the same three loading stages. It is important to note that a magnification
factor of 5 is applied to all contours in this example. The results in Figures 7 and 8 demonstrate
the development of two conjugate shear bands originating from the specimen center. Notably, in
our nonlocal PPM framework, the initiation of shear banding does not require a weak element, as
typically seen in finite element modeling of shear banding. Figure 8 shows that the plastic
volumetric strain in the shear zone is positive, indicating dilatation.
0.3
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Figure 5: Loading curve on top boundary.
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Figure 6: (a) Plot of the deviator stress versus vertical strain and (b) stress path in the p - q space at the point of
the the specimen center. Note: The dash line in red is the critical state line).
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Figure 7: Contours of the equivalent plastic shear strain on thedeformed configuration at (a) u, = 4 mm, (b)
Uy = 7 mm, and (¢) uy = 10 mm
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Figure 8: Contours of the plastic volume strain on the deformed configuration at (a) u, =4 mm, (b) uy =7 mm,
and (c) uy = 10 mm.

To investigate the impact of spatial discretization on the results, we examine two different
spatial discretization schemes: one with a grid of 255X 50points and Ax =4 mm (referred to
as grid 1), and the other with a grid of 40 X 80 points and Ax = 2.5 mm (referred to as
grid 2). Both simulations utilize the same horizon value of 8 mm, while all other conditions and

parameters remain consistent with the base simulation. Figure 9 presents a comparison of the
loading curves obtained from the two simulations. These two loading curves are identical until
the onset of the softening stage. Figure 10 displays the contours of equivalent plastic shear strain

at uy = 10 mm for both simulations, while Figure 11 shows the contours of plastic volumetric
15



strains at the same displacement level. The results from Figures 10 and 8 suggest that the choice
of spatial discretization has a relatively minor influence on shear band formation, primarily due
to the adoption of the same nonlocal length scale. In the subsequent sections, we investigate the
impact of temperature on shear banding in unsaturated porous media at elevated temperatures.
Three scenarios are considered: (i) Elevated constant temperature (scenario 1), (ii) Increasing
temperature at constant suction (scenario 2), and (iii) Increasing temperature under decreasing
suction (scenario 3).

—Grid 1|
~Grid 2|

Force (kN)
o

0.1

0.05

o 1 2 3 4 5
Strain (%)

Figure 9: Comparison of the loading curves on the top boundary from the simulations with two spatial discretiza-
tions.
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Figure 10: Contours of the equivalent plastic shear strain on the deformed configuration at u, = 10 mm from the
simulations with (a) grid 1 and (b) grid 2.
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Figure 11: Contours of the plastic volume strain on the deformed configuration at u, = 10 mm from the simulations
with (a) grid 1 and (b) grid 2.

4.2.1. Scenario 1: Elevated constant temperature

In this scenario, we explore the influence of temperature on shear banding under constant
suction conditions. To achieve this, we conduct numerical simulations at three different temper-
atures: 25°C, 50°C, and 75°C, all while maintaining a constant matric suction of 25 kPa. All
other conditions and parameters remain consistent with the base simulation. The results of these
simulations are presented in Figures 12 -15. Figure 12 compares the loading curves obtained
from the three simulations. As shown in Figure 12, the loading capacity of the specimen decreases
at higher temperatures due to the temperature-induced softening effect. Figure 13 illustrates the
curves of deviator stress versus vertical strain and the stress paths at the specimen center from the
three simulations. Regardless of the temperature, the stress paths at the same point demonstrate
that the soil element reaches the same critical state line under loading. It's noteworthy that the
critical state line remains consistent due to the adoption of the Bishop-type effective stress model
for unsaturated soils. Figure 14 displays the contours of equivalent plastic shear strain at uy = 10
mm from the three simulations, while Figure 15 presents the contours of plastic volumetric strain
at the same displacement level. These results imply that temperature affects the magnitudes of
dilation and shear strain within the specimen under the same mechanical load. Specifically, higher
temperatures lead to more significant dilation and shear strain compared to lower temperatures. In
the subsequent section, we further investigate the impact of varying temperature on the formation
of shear banding.
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Figure 12: Comparing of the loading curves from the simulations under the three temperatures.
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Figure 13: (a)Plot of deviatoric stress versus vertical strain, and (b) the stress paths in the p - q space at the
specimen center.
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Figure 14: Contours of equivalent plastic shear strain on deformed configuration: (a) 6 = 25°C, (b) 6 = 50°C, and
(@) 0=75°C.
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Figure 15: Contours of plastic volume strain on deformed configuration at u, = 10 mm: (a) 6 = 25°C, (b) § = 50°C,
and (c) 8 = 75°C.

4.2.2. Scenario 2: Increasing temperature

In this scenario, we examine the effect of temperature increase on the development of shear
banding in unsaturated soils after the peak load. Specifically, we consider three different temper-
ature changes applied after reaching the peak load of the base simulation: 25°C, 25°C, and 50°C, all
while maintaining a constant suction level of 25 kPa. It is important to note that the simulation
with tlV = 25°C is included for comparison purposes. All other conditions and input parameters
remain consistent with the base simulation. The results are presented in Figures 16 -

18



19. Figure 16 provides a comparison of the loading curves obtained from the three simulations.
As depicted in Figure 16, increasing the temperature after the peak load has a notable effect on
the post-localization regime in unsaturated soils, with a larger temperature increase resulting in
a more significant reduction in strength. Figure 17 displays the curves of deviatoric stress versus
vertical strain and the stress paths at the specimen center from the three simulations. The re-
sults in Figures 16 and 17 reinforce the influence of temperature increase on the post-localization
behavior in unsaturated soils, where a larger temperature increase leads to a more pronounced
strength reduction. Figure 18 presents the contours of equivalent plastic shear strain at uy, = 10
mm from the three simulations, while Figure 19 plots the contours of plastic volumetric strain at
the same displacement level. These results, as shown in Figures 18 and 19, illustrate that a larger
temperature increase, under the same conditions, results in more significant dilation and shear
strain within the shear banding zone. In the subsequent section, we delve into the combined effect
of varying temperature and suction on shear banding.
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Figure 16: Comparison of the loading curves from the simulations with three temperature changes.
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Figure 17: (a) Plot of deviatoric stress versus vertical strain, and (b) stress paths in the p-q space at the specimen
center under three temperature changes.
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Figure 18: Contours of equivalent plastic shear strain on deformed configuration at u, = 10 mm: (a) A6 = 0°C,

(b) A6 = 25°C, and (c) Af = 50°C.
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Figure 19: Contours of plastic volume strain on deformed configuration at u, = 10 mm: (a) A8 = 0°C, (b)

A6 = 25°C, and (c) A9 = 50°C.

4.2.3. Scenario 3: Increasing temperature and decreasing suction

In this scenario, we investigate the combined effect of increasing temperature and decreasing
suction on shear banding instability in unsaturated soils. To achieve this, we consider three
different temperature changes: 0°C, 25°C, and 50°C, while concurrently decreasing suction from
25 kPa to 10 kPa. All other parameters and loading conditions are kept consistent with the
base simulation, and the results are presented in Figures 20 - 23. Figure 20 displays the loading
curves obtained from the three simulations. As shown in Figure 20, there is a notable reduction in
loading capacity under the combined effect of temperature increase and suction reduction during
the post-localization regime of unsaturated soils. Figure 21 presents the curves of deviatoric stress
versus vertical strain and the stress paths from the three simulations. These results, depicted in
Figure 21, further emphasize the impact of the coupling effect, showing that the soil reaches at

critical state line at the same point for all three temperature-suction scenarios. Figure 22 compares
the contours of equivalent plastic shear strain at uy = 10 mm in the deformed configuration for
the three simulations. Meanwhile, Figure 23 compares the contours of plastic volumetric strain at
uy = 10 mm. The results in Figures 20 - 23 illustrate a significant reduction in loading capacity
under the coupling effect of temperature increase and suction reduction during the post-localization

regime in unsaturated soils. In summary, these findings highlight the complex interplay between
temperature and suction on shear banding instability in unsaturated soils.
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Figure 20: Comparison of the loading curves on the top boundary for Scenario 3.

30 40 :
—#=25 C —Af=0C
25l 6-50°C | 35| "+ A9=25"C
-=0=75 C 30 —A#=50 C
20|
25
E =
215 20
o o
10 31
< 10 +
5
5 8
0 . , , ) ok , :
0 -1 2 43 -4 5 0 -10 20 -30 -40
Strain (% p (kPa)

(a) (b)

Figure 21: (a) Plot of deviatoric stress versus vertical strain, and (b) stress loading path in p versus q space (red
dash line represents the critical state line) at the specimen center for Scenario 3.
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Figure 22: Contours of equivalent plastic shear strain on deformed configuration at u, = 10 mm for Scenario 3:
(a) A8 =0°C, (b) Af = 25°C, and (c¢) A8 = 50°C.
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Figure 23: Contours of plastic volume strain on deformed configuration at u, = 10 mm for Scenario 3: (a)

A6 = 0°C, (b) Af = 25°C, and (c) Af = 50°C.

4.3. Cracking in an elastic unsaturated disk specimen

In this example, we focus on cracking phenomena in unsaturated elastic porous materials.
The modeling of cracking is base® on an energy-based bond breakage criterion. Specifically, we
simulate cracking in a disk specimen. Figure 24 illustrates the disk specimen and its loading
scheme. The disk has a radius of 200 mm and a thickness of 5 mm. As depicted in Figure 24,
vertical displacement loads are applied to the top and bottom plates of the disk. The displacement
load on each plate is set at u = 2.0 mm, with a loading rate of u” = 200 mm/s. The short-range
forces within the PPM framework are employed to simulate the contact between the disk and the
rigid plates [21]. The matric suction present in the specimen is s = 10 kPa. For this example,
we adopt a thermo-elastic material model. The material parameters include: solid phase density
of 2000 kg/m3, bulk modulus K = 83 MPa, shear modulus p = 18 MPa.. In the base simulation
scenario, the temperature is increased by 50°C. The energy-based bond breakage criterion is
implemented with a critical
energy release rate, G- = 20 N/m. The specimen discretization involves 10408 points arranged
in a uniform grid, with a spacing of 2.5 mm. The horizon size is set to 6 = 4tlx. The simulation
uses a time increment of 1 X 107° s.

L

Figure 24: Model setup for the disk specimen under compression.

First, we present the results of the base simulation conducted under ambient temperature
conditions. Figure 25 displays the loading curve applied to the top plate of the specimen, revealing
a peak load of approximately 0.2 kN. To illustrate the progression of crack formation within the
specimen, we provide contours of displacements at three distinct loading stages. Figure 26 depicts
the vertical displacement contours on the deformed specimen at these stages, with a uniform

magnification factor of 5 applied to all contours in this example. Similarly, Figure 27 presents
22



the horizontal displacement contours under the same conditions. Analysis of the results shown in
Figures 26 and 27 indicates the initiation of a crack at the specimen’s center, which then extends
towards the top and bottom of the disk. Notably, there is a discontinuity in the x-direction
displacement along the vertical center line, whereas the vertical displacement remains continuous
along the horizontal center line. This observation aligns with the expectations set by classical
Brazilian testing, suggesting that the crack results from the discontinuous deformation in the x
direction, as further evidenced by the deformed configurations depicted in Figures 26 and 27.
Furthermore, Figure 28 illustrates the vertical normal stress contours on the deformed specimen
at the three stages, highlighting the maximum compression stress occurring under the plate.
Figure 29 focuses on the contours of horizontal normal stress elucidating that the specimen
experiences tension in the x direction, with the crack process zone around the crack tip being
under horizontal tension and vertical compression. Figure 30 shows the contours of the damage
parameter at the same three stages. The results from Figures 28 to 30 collectively indicate that the
crack formation is primarily due to tensile stress perpendicular to the specimen’s vertical center
line.
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Figure 25: Loading curve on the top plate.

Figure 26: Contours of vertical displacement (mm) on deformed configuration at (a) v = 1.1 mm, (b) u = 1.25
mm, and (¢) v = 1.4 mm.
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Figure 27: Contours of horizontal displacement (mm) on deformed configuration at (a) v = 1.1 mm, (b) u = 1.25
mm, and (c) v = 1.4 mm.
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Figure 28: Contours of stress o,y (kPa) on deformed configuration at (a) v = 1.1 mm, (b) v = 1.25 mm, and (c)
u = 1.4 mm.

- -150
-200
- 250

-300

(a) (b)

Figure 29: Contours of stress 0z, (kPa) on deformed configuration at (a) v = 1.1 mm, (b) v = 1.25 mm, and (c)
w = 1.4 mm.

Figure 30: Contours of damage parameter on deformed configuration at (a) v = 1.1 mm, (b) v = 1.25 mm, and (c)
u = 1.4 mm.
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Second, in the base simulation we also investigate the influence of spatial discretization on the
results by employing two distinct spatial discretization schemes. The first scheme utilizes 6224
points with a grid spacing (tlx) of 3.3 mm (referred to as grid 1), while the second scheme involves
10408 points with tlx = 2.5 mm (referred to as grid 2). Both schemes adopt the same horizon size,
6 = 10 mm. The comparative results of these two discretization schemes are presented in Figures
31 through 36. Figure 31 displays the vertical loading curves obtained from simulations using both
spatial discretization schemes. For a detailed comparison, we present contours of displacement
and stress at a uniform displacement load (u = 1.25 mm) for both simulations as follows. Figure
32 compares the vertical displacement contours. Figure 33 contrasts the horizontal displacement
contours. Figure 34 showcases the differences in vertical stress contours (0-yy). Figure 35 illustrates
the comparison in horizontal stress contours (0-x). Figure 36 compares the damage parameter
contours at the same displacement load for both discretization schemes. The results from these
comparisons suggest that, given a consistent horizon size, the choice of spatial discretization scheme
exerts a minimal influence on the crack formation in the disk specimen under vertical compression
loading.
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Figure 31: Comparison of the loading curve from the simulations with two spatial discretization schemes.
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Figure 32: Contours of vertical displacement (mm) on deformed configuration at v = 1.25 mm: (a) grid 1 and (b)

grid 2.
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Figure 33: Contours of horizontal displacement (mm) on deformed configuration at v = 1.25 mm: (a) grid 1 and

(b) grid 2.
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Figure 34: Contours of stress gy, (kPa) on deformed configuration at v = 1.25 mm: (a) grid 1 and (b) grid 2.
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Figure 35: Contours of stress 05, (kPa) on deformed configuration at v = 1.25 mm for(a) grid 1 and (b) grid 2.
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Figure 36: Contours of damage parameter on deformed configuration at v = 1.25 mm: (a) grid 1 and (b) grid 2.
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Third, we investigate the effect of temperature variations on the cracking behavior in unsat-
urated elastic porous materials, specifically at 0°C, 25°C, and 50°C. The other simulation
parameters, including loading and spatial discretization, remain identical to those in the base sim-
ulation. The outcomes of this investigation are showcased in Figures 37 to 42. Figure 37 compares
the loading curves from the simulations conducted at the three different temperatures, revealing
a decrease in the peak load of the disk specimen with increasing temperature. The contours of
vertical displacement at a uniform displacement load (u = 1.25 mm) across the three simulations
are compared in Figure 38, while Figure 39 does the same for horizontal displacement. These
figures illustrate that the rise in temperature increases the horizontal displacement, leading to a
longer crack, whereas the vertical displacement is comparatively less influenced by temperature
changes under the same loading conditions. The contours of vertical and horizontal stresses (0-yy
and 0-x, respectively) at u = 1.25 mm for the three simulations are presented in Figures 40 and

41. Finally, Figure 42 compares the contours of the damage variable at the same displacement
load. Collectively, the results from Figures 40 to 42 indicate that the combination of tempera-
ture increase and mechanical loading significantly impacts the timing and progression of crack
initiation and development in the specimen
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Figure 37: Comparison of the loading curves from the simulation with A6 = 0°C, Af = 25°C, and A# = 50°C.

Figure 38: Contours of vertical displacement (mm) on deformed configuration at v = 1.25 mm: (a) A8 = 0°C, (b)
A6 = 25°C, and (c¢) A = 50°C.

Figure 39: Contours of horizontal displacement (mm) on deformed configuration at v = 1.25 mm: (a) Af = 0°C,
(b) A8 =25°C, and (c) A8 = 50°C.

-~ 0.4

L 0.4
0.8
.

— 0.2

-0.4

-0.6

-2000
-1800
-1600
+ -1400
1200
- 1000

- -800

-600

-400

-200

(a) (b) (© 0

Figure 40: Contours of stress gy, (kPa) on deformed configuration at u = 1.25 mm: (a) Af = 0°C, (b) Af = 25°C,
and (c) A =50°C.
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Figure 41: Contours of stress 0, (kPa) on deformed configuration at u = 1.25 mm: (a) A9 = 0°C, (b) Af = 25°C,

and (c) Af = 50°C.
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Figure 42: Contours of damage variable on deformed configuration at © = 1.25 mm: (a) A8 = 0°C, (b) A = 25°C,
and (c¢) A8 = 50°C.
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5. Summary

In this article, our investigation centers on shear banding and cracking in unsaturated porous
media under non-isothermal conditions, utilizing a THM framework within PPM. A significant
advancement of this study is the development of a nonlocal THM constitutive model specifically
designed for unsaturated porous media in the PPM context. We have implemented the THM
paradigm using an explicit Lagrangian meshfree algorithm, complemented by a return mapping
algorithm for the numerical implementation of the nonlocal THM constitutive model. We have
evaluated the performance and applicability of our proposed THM meshfree paradigm through
a series of numerical examples. The results from these examples demonstrate the effectiveness
and reliability of our THM PPM approach in accurately modeling the complex behaviors of shear
banding and cracking in unsaturated porous media under varying thermal conditions. Impor-
tantly, our findings provide deep insights into the sophisticated relationship between temperature
changes and the development of shear bands and cracks in such porous media under THM loading,
highlighting the nuanced interdependencies in these phenomena.

Acknowledgment

This work has been supported by the US National Science Foundation under contract number
1944009. The support is gratefully acknowledged. Any opinions or positions expressed in this
article are those of the authors only and do not reflect any opinions or positions of the NSF.

Conflict of Interest Statement

The authors declare no potential conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the corresponding author
upon reasonable request.
28



References

(1]
(2]
B3]
(4]

[5]
(6]

[7]
8]
1]
[10]
(1]

[12]

[13]
(14]
[15]

[16]

(17]

(18]
[19]
[20]
[21]

[22]

(23]
(24]
[25]
[26]

[27]

(28]
(29]
(30]

(31]
(32]

(33]

(34]
(35]

(36]

Terzaghi K, Peck RB, Mesri G. Soil mechanics in engineering practice. John wiley & sons; 1996.

Lambe TW, Whitman RV. Soil mechanics; vol. 10. John Wiley & Sons; 1991.

Cheng AHD. Poroelasticity; vol. 27. Springer; 2016.

Matasovic N, Kavazanjian Jr E, Augello AJ, Bray JD, Seed RB. Solid waste landfill damage caused by 17
january 1994 northridge earthquake. The Northridge, California, Earthquake of 1994;17:221-9.

Zoback MD. Reservoir geomechanics. Cambridge university press; 2010.

Wartman J, Montgomery DR, Anderson SA, Keaton JR, Beno"it J, dela Chapelle ], et al. The 22 march 2014
oso landslide, washington, usa. Geomorphology 2016;253:275-88.

Kramer SL. Geotechnical earthquake engineering. Pearson Education India; 1996.

Mitchell JK, Soga K, et al. Fundamentals of soil behavior; vol. 3. John Wiley & Sons New York; 2005.

Gens A. Soil-environment interactions in geotechnical engineering. G’eotechnique 2010;60(1):3-74.

Wang K, Song X. Strain localization in non-isothermal unsaturated porous media considering material het-
erogeneity with stabilized mixed finite elements. Computer Methods in Applied Mechanics and Engineering
2020;359:112770.

Song X, Wang MC. Molecular dynamics modeling of a partially saturated clay-water system at finite temper-
ature. International Journal for Numerical and Analytical Methods in Geomechanics 2019;43(13):2129-46.
Zhang Z, Song X. Nonequilibrium molecular dynamics (nemd) modeling of nanoscale hydrodynamics of
clay-water system at elevated temperature. International Journal for Numerical and Analytical Methods in
Geomechanics 2022;46(5):889-909.

Song X, Zhang Z. Determination of clay-water contact angle via molecular dynamics and deep-learning
enhanced methods. Acta Geotechnica 2022;17(2):511-25.

S’anchez M, Gens A, Olivella S. Thm analysis of a large-scale heating test incorporating material fabric changes.
International Journal for Numerical and Analytical Methods in Geomechanics 2012;36(4):391-421.

Coccia CR, McCartney J. A thermo-hydro-mechanical true triaxial cell for evaluation of the impact of
anisotropy on thermally induced volume changes in soils. Geotechnical Testing Journal 2012;35(2):227-37.
Zhang X, Briaud JL. Three dimensional numerical simulation of residential building on shrink-swell soils in
response to climatic conditions. International Journal for Numerical and Analytical Methods in Geomechanics
2015;39(13):1369-409.

Song X, Wang K, Bate B. A hierarchical thermo-hydro-plastic constitutive model for unsaturated soils and
its numerical implementation. International Journal for Numerical and Analytical Methods in Geomechanics
2018;42(15):1785-805.

Song X, Wang K, Ye M. Localized failure in unsaturated soils under non-isothermal conditions. Acta Geotech-
nica 2018;13:73-85.

Menon S, Song X. A stabilized computational nonlocal poromechanics model for dynamic analysis of saturated
porous media. International Journal for Numerical Methods in Engineering 2021;122(20):5512-39.

Menon S, Song X. Dynamic localized failure of soils via nonlocal poromechanics model: A case study of the
lower san fernando dam failure. In: Geo-Extreme 2021. 2021, p. 10-20.

Menon S, Song X. Updated lagrangian unsaturated periporomechanics for extreme large deformation in
unsaturated porous media. Computer Methods in Applied Mechanics and Engineering 2022;400:115511.
Menon S, Song X. Computational coupled large-deformation periporomechanics for dynamic failure and
fracturing in variably saturated porous media. International Journal for Numerical Methods in Engineering
2023;124(1):80-118.

Menon S, Song X. A computational periporomechanics model for localized failure in unsaturated porous
media. Computer Methods in Applied Mechanics and Engineering 2021;384:113932.

Menon S, Song X. Computational multiphase periporomechanics for unguided cracking in unsaturated porous
media. International Journal for Numerical Methods in Engineering 2022;123(12):2837-71.

Menon S, Song X. Shear banding in unsaturated geomaterials through a strong nonlocal hydromechanical
model. European Journal of Environmental and Civil Engineering 2022;26(8):3357-71.

Menon S, Song X. Unguided cracking in unsaturated soils through a coupled nonlocal poromechanics model.
In: Geo-Congress 2022. 2022, p. 305-14.

Menon S, Song X. Computational coupled large a€ deformation periporomechanics for dynamic failure and
fracturing a in"a variably saturated porous media. International Journal for Numerical Methods in Engineering
2022;.

Menon S, Song X. Modeling unsaturated soil column collapse through stabilized updated lagrangian peri-
poromechanics. In: Geo-Congress 2023. 2023, p. 572-80.

Fran,cois B, Laloui L. Acmeg-ts: A constitutive model for unsaturated soils under non-isothermal conditions.
International journal for numerical and analytical methods in geomechanics 2008;32(16):1955-88.

Bolzon G, Schrefler BA. Thermal effects in partially saturated soils: a constitutive model. International
journal for numerical and analytical methods in geomechanics 2005;29(9):861-77.

Gens A, Jouanna P, Schrefler B. Modern issues in non-saturated soils. BOOK; Springer; 1995.

Wu W, Li X, Charlier R, Collin F. A thermo-hydro-mechanical constitutive model and its numerical modelling
for unsaturated soils. Computers and Geotechnics 2004;31(2):155-67.

Dumont M, Taibi S, Fleureau JM, Abou-Bekr N, Saouab A. A thermo-hydro-mechanical model for unsaturated
soils based on the effective stress concept. International Journal for Numerical and Analytical Methods in
Geomechanics 2011;35(12):1299-317.

Ma’s'in D, Khalili N. A thermo-mechanical model for variably saturated soils based on hypoplasticity. Inter-
national journal for numerical and analytical methods in geomechanics 2012;36(12):1461-85.

Xiong Y, Ye G, Zhu H, Zhang S, Zhang F. Thermo-elastoplastic constitutive model for unsaturated soils. Acta
Geotechnica 2016;11:1287-302.

Zhou C, Ng CWW. Simulating the cyclic behaviour of unsaturated soil at various temperatures using a

29



[37]
(38]

(39]
(40]
[41]
[42]
[43]

[44]

[43]

[46]

[47]

(48]

(49]

bounding surface model. G’eotechnique 2016;66(4):344-50.

Schofield AN, Wroth P. Critical state soil mechanics; vol. 310. McGraw-hill London; 1968.

Zienkiewicz OC, Chan A, Pastor M, Schrefler B, Shiomi T. Computational geomechanics; vol. 613. Citeseer;
1999.

Song X, Khalili N. A peridynamics model for strain localization analysis of geomaterials. International Journal
for Numerical and Analytical Methods in Geomechanics 2019;43(1):77-96.

Song X, Menon S. Modeling of chemo-hydromechanical behavior of unsaturated porous media: a nonlocal
approach based on integral equations. Acta Geotechnica 2019;14:727-47.

Menon S, Song X. Coupled analysis of desiccation cracking in unsaturated soils through a non-local mathe-
matical formulation. Geosciences 2019;9(10):428.

Song X, Silling SA. On the peridynamic effective force state and multiphase constitutive correspondence
principle. Journal of the Mechanics and Physics of Solids 2020;145:104161.

Song X, Pashazad H. Computational cosserat periporomechanics for strain localization and cracking in de-
formable porous media. International Journal of Solids and Structures 2023;:112593.

Song X, Pashazad H. Micro-polar periporomechanics for shear bands and cracks in porous media under
dynamic loads. In: Proceedings 10th NUMGE 2023 10th European Conference on Numerical Methods in
Geotechnical Engineering. 2023, p. 1-6.

Pashazad H, Song X. Computational multiphase micro-periporomechanics for dynamic shear banding and
fracturing of unsaturated porous media. International Journal for Numerical Methods in Engineering DOI:
101002/nme7418 2023;.

Song X, Borja RI. Mathematical framework for unsaturated flow in the finite deformation range. International
Journal for Numerical Methods in Engineering 2014;97(9):658-82.

Borja RI. Cam-clay plasticity. part v: A mathematical framework for three-phase deformation and strain local-
ization analyses of partially saturated porous media. Computer methods in applied mechanics and engineering
2004;193(48-51):5301-38.

Hughes TJ. The finite element method: linear static and dynamic finite element analysis. Courier Corporation;
2012.

Simo JC, Hughes TJ]. Computational inelasticity; vol. 7. Springer Science & Business Media; 1998.

30



