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Abstract

The structural characteristic of unsaturated undisturbed loess has a significant impact on its mechanical properties. In this
paper, based on the Barcelona basic model of unsaturated soil, an elastoplastic damage model (EDM) of unsaturated
undisturbed loess has been developed, which considers the mesostructure evolutions in the loading and collapsing pro-
cesses. By embedding the new EDM to the seepage—consolidation theory of unsaturated soil and combining it with the
water—air migration laws of unsaturated loess, an elastoplastic damage seepage—consolidation coupled model (EDSCM) for
the collapsible loess has been developed, which includes the effect of loess structure. Based on the new EDSCM, a new
finite element program termed as unsaturated loess elastoplastic damage seepage—consolidation (ULEDSC) has been
compiled. The developed program reflects the unique mechanical response of collapsible deformation of loess foundation
during the water infiltrating process. Using the ULEDSC, the large-scale field-soaking test has been simulated for two
periods, i.e., a 151-day period of wetting and a 251-day period of drying. The numerical results show that the propagation
of wetting front is identical to a pumpkin-shaped zone. Due to the self-weight of collapsible loess and water, slow water
filtration resulted in loess collapses and vertical displacement. The vertical displacement during the subsequent drying
stage is mainly caused by the loess collapse and consolidation settlements of the shallow soil layer below the bottom of the
test pit. The numerically simulated results from ULEDSC are in accordance with the field monitoring data, which also
show the multi-field coupling response in the self-weight collapsible loess foundation during the initial wetting and
subsequent drying periods. The new models and the finite element program could provide some scientific references for
solving the engineering problems of self-weight collapsible loess in Midwestern China.
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1 Introduction

In recent years, large-scale construction projects in the
loess areas of Midwestern China have increased the
understanding of collapsible deformation of self-weight
collapsible loess [23, 35]. Large-scale soaking tests had
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been carried out on some important projects, which con-
sisted of typical multi-field coupling process, including the
collapsibility, water—air migration and structural damage. It
is necessary to consider all these factors in order to fully
understand the multi-field coupling problems. At present,
there are only a few reports on the multi-field coupling
response of self-weight collapsible loess foundation during
the water infiltrating periods.

It is well known that under the condition of loading and
infiltrating processes, the unsaturated undisturbed loess can
produce irreversible collapsible deformation, which is
closely related to the loess structure [11, 29]. When the
loess structure is not damaged or softened, the undisturbed
loess has the characteristics of lower compressibility and
higher strength. Once the loess structure is damaged, its
mechanical properties are susceptible to yielding,
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softening, and collapsing effect. Loess structure is one of
the important fundamental factors while determining the
mechanical characteristics of undisturbed loess. It is
important to develop a constitutive model considering the
soil structure so as to investigate the mechanical charac-
teristics of undisturbed soil [20, 27, 39]. However, many
constitutive models of unsaturated soils fail to reflect the
structural properties of loess and have neglected the effect
of the structure on the collapsible deformation [14, 32-34].

The constitutive model of unsaturated soil is embedded
in the multi-field consolidation coupling theory, and this is
a good way to solve the mechanical problems in practical
engineering projects [2, 19, 21]. This approach is also
applicable to collapsible loess. The multi-field coupling
effects of collapsible loess on the mechanical characteris-
tics were reported in some previous studies [7, 16, 18, 26].
Nevertheless, these studies did not consider the structural
characteristics of collapsible loess during the loading and
infiltrating processes. In particular, the effect of the struc-
tural characteristics on the collapsible deformation of loess
foundation was not sufficiently considered. Therefore, it is
of great practical significance to develop the structural
constitutive model of collapsible loess, which can be used
to explore the multi-field coupling mechanism on col-
lapsible deformation of loess foundation.

Based on BBM [1], and the mesostructure evolution
equation obtained by the loading and wetting test using
computed tomography technology [38], the objective of
this study is to develop a model (EDM) of unsaturated
undisturbed loess, which reflects the effect of loess struc-
ture on the mechanical characteristics. The model com-
bined with the water—air migration equations of
unsaturated loess [36, 37] has been incorporated into the
unsaturated seepage consolidation theory [6]. Then, a new
coupled model (EDSCM) for the collapsible loess consid-
ering the elastoplastic damage evolution has been devel-
oped in this paper. The coupled model could reflect the
unique mechanical properties of collapsible loess during
the loading and wetting processes.

Based upon some previous research results [3, 6, 22], a
new finite element program (ULEDSC) for unsaturated
loess foundation has been compiled in this paper. Taking
the large-scale field-soaking test at Heping town, Lanzhou
city, Gansu Province in China, as an example [35], the
multi-field coupling response during the collapsing process
has been simulated by the new program (ULEDSC) for two
periods, i.e., an initial 151-day period of wetting and a
subsequent 251-day period of drying. In this way, the
results of the simulations could show the multi-field cou-
pling characteristics in relation to the water content field,
pore air and water pressure field, displacement field, and
damage field. In this paper, the developed new models
(EDM and EDSCM) and the new program (ULEDSC)

@ Springer

could analyze the multi-field coupling problems of col-
lapsible loess foundation more effectively.

2 The EDM of unsaturated undisturbed
loess

There are two parts in the EDM: One is the soil skeleton,
and the other is the water phase. (1) For the soil skeleton
phase, the BBM of unsaturated soil has been used to
describe the mechanical characteristics of the remolded
loess [1]. The structural evolution equations have been
used to describe the loading and collapsing processes,
which represent the structural characteristics of undis-
turbed loess [38]. (2) For the changes of water phase, in
order to consider the effect of net mean stress and devia-
toric stress on the water retention characteristics, the gen-
eralized soil-water characteristic curve has been used to
describe the water retention characteristics.

2.1 Elastic deformation

The expressions for the elastic volumetric strain de{ and
elastic deviatoric strain de{ are given by Eqgs. (1) and (2),
respectively.

kdp kg ds
VP VSt Pum

v (1)

de) = def, + dej, =

._dq

where &, and & are the elastic volumetric strain related to
net mean stress and matric suction, respectively, x is the
elastic stiffness coefficient related to the loading state of
the net mean stress, K is the elastic stiffness coefficient
related to the increasing suction, G is the shear modulus,
Patm 18 the atmospheric pressure, v is the specific volume of
soil, p is the net mean stress, s is the matric suction, and q is
the deviatoric stress.

2.2 Plastic properties

The net mean stress p, deviatoric stress ¢, and suction s can
generate deformation of undisturbed loess. Furthermore,
the structure of undisturbed loess also has an impact on the
mechanical characteristics. Hence, it is assumed that there
are two parts in the yielding stress p, of undisturbed loess,
i.e., one is related to the remolded loess and the other is
related to the loess structure. The first part of remolded
loess is still in accordance with the BBM [1]. The second
part is described by the law of structural evolution [38]. So,
the yield stress p, of undisturbed soil is given by:

Py =Py +0'mig (3)
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where p,, is the net mean stress of remolded loess. p°® is the
difference of the net mean stress between undisturbed soil
sample and remolded soil sample under the same condition
of dry density and initial suction. mj, is the structural
parameter for the loading process. The expressions for p*,
Do» and my,; are given by Egs. (4)—(7), respectively:

P’ = Pei — poi (4)
As) = 2(0)[(1 = r) exp(—Ps) + 1] (6)
miz = mi,(1 — Dy) (7)

where p,; and py; are the initial yielding net mean stress of
undisturbed soil and remolded soil, respectively. p¢ is the
reference stress. pg is the reconsolidation pressure of sat-
urated soil. A(s) is the stiffness parameter for changes in net
mean stress for virgin states of the soil. 1(0) is the slope of
the virgin saturated consolidation line. r and f are model
parameters, i.e., r = A(s — 00)/A(0). my, is the initial
structural parameter. D, is the structural damage variable
during loading process, and its expression is Eq. (15).
During the wetting process, as the suction decreases, the
structural damage of undisturbed loess equals to D,, as
shown by Eq. (16). Under this condition, there is no further
structural damage. Hence, the structural damage variable
D, is fixed as the Dj,. The subscript 1o indicates that the
stress state is . At any moment during the collapsing
process, the structural damage variable D is given by:

D =Dy, +D, (8)

The structural parameter mq, in the collapsing process
is defined as:

Migw = mlo(l - Dla - DZ) (9)

During the collapsing process, the natural structure of
undisturbed soil is destroyed gradually, and the character-
istics of the undisturbed soil transform slowly into that of
the remolded soil. Based on the composite damage theory
[8], the critical state line M, during the collapsing process
can be determined as follows:

Mg, = (1 — D)M* + DM (10)

where M* is the slope of the critical state line of the
undisturbed soil and M is the slope of the critical state line
of the remolded soils.

From Egq. (10), it can be seen that for D, =0, as
expressed in Eq. (15), there is no structural damage in the
soil sample. Under this condition, Mgy, = M*. For D = 1,
the soil sample changes to the remolded sample, and
Mg, =M. For 0 <Dy <1, when the loess sample is
subjected to the external load and water, it is not

completely destroyed. The sample is in the intermediate
transforming state from the undisturbed soil to the remol-
ded soil. If the external load is not taken into account, the
damage variable is directly transformed to D, during the
collapsing process.

Substituting Egs. (3) and (10) into the load—collapse
(LC) yield surface equation [1], the LC yield surface
considering the effect of structure on the loading and col-
lapsing process can be written as:

fp.4,5.0}) =" — Mg, (p+ ) (py —p) =0 (11)

where p is the net mean stress, ¢ is the deviatoric stress, and
p, is the intercept of the critical state lines in the axis of net
mean stress for undisturbed loess.

In this paper, the effect of the structure on the suction
increase (SI) yield surface temporarily has not been con-
sidered [4]. The associated flow rule has been used in the
loading and collapsing processes. By combining the hard-
ening law with Egs. (3) and (5), the incremental yield
stress dp,, is expressed as follows:

7(0)—A(s)
TORT

dp, = (= d *dmygy 12
Py =76 —x (pc po + p*dmy (12)
where

dpg v

— = dé 13
py  AMO)—x " 13)
dmlo’w - _mlodDZ (14)

Equation (12) is applicable to the same conditions of
initial dry density and water content of the remolded soil
and undisturbed soil. With increasing structural damage,
the hardening parameter p, decreases, which reflects the
softening properties due to the natural structure damage.
Furthermore, p; increases with the increase in volumetric
strain, which reflects the damage of original structure and
the hardening characteristics of a new structure in Eq. (12).

2.3 Structural damage evolution equation

Zhu [38] analyzed the mesostructure of unsaturated
undisturbed loess under the loading and collapsing pro-
cesses. The damage evolution equations clearly demon-
strate the evolutionary characteristics of structural damage
and clarify the transformation process of undisturbed loess
from non-damage state to complete damage state. The
damage evolution equations for the loading and collapsing
processes are represented by Eqgs. (15) and (16),
respectively.

Dy = A'(gy — &ye) + A% (g — &) (15)

0—0,
D> =1—exp —(A38ih+A48:h—|—A5)H 0 (16)
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where ¢, is the summation of volumetric strain in the
consolidation and shearing process. & is the deviatoric
strain in the shearing process. &, and ¢ are the initial
volumetric strain and initial shear strain, respectively.
eye = 0.017, and & = 0.01. 0 is the volumetric water
content. O is the volumetric water content when loess
sample is saturated. 0, is the volumetric water content
before wetting, and Al, A2, A3, A%, and AS are the fitting
parameters and have the values of: Al = 1.33, A2 = 1.27,
A3 =24.16, A* = 3.07, and A5 = 0.54, respectively.

2.4 Water retention characteristics

The water phase can be described using the generalized
soil-water characteristic curve [10], which considers the
effect of the net mean stress and deviatoric stress, and the
expression is as follows:

dp ds dg

dey = ——+—+
" Kwpl Hwt qut

(17)

where Ky, Hy, and Ky are the tangent moduli of the
water phase related to the net mean stress, suction stress,
and deviatoric stress, respectively [31].

2.5 The relationship between stress and strain

In this paper, the effect of the structure on the suction
increase (SI) yield surface has not been considered. Thus,
the new EDM of unsaturated undisturbed loess considering
the structural effects is written as a matrix, as follows:

{do'}= [Dsh] {de} + {Feyp }ds (18)
where
D3] =D

_ [DE]({f‘“’}jL{m} ){a«/} D]
(i} + ) ({2} Do -Gz ")

(19)

{Fesp } = {Fes}

o e ) () 8
({a_f} + {m} as) <{%} D] — §£,§§ {m} >

(20)
where [De] is an elastic modulus matrix. H is the hardening
parameter, which represents the plastic volumetric strain

& {m}={11100 0} {Diﬂ is the elastoplastic
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modulus matrix of unsaturated undisturbed loess consid-
ering the effect of the structure {F} is the elastic suction
modulus matrix of unsaturated undisturbed loess. {Fegp } is
the elastoplastic suction modulus matrix of unsaturated
undisturbed loess. f is represented by Eq. (11).

3 The EDSCM of unsaturated undisturbed
loess

3.1 Basic equations

There are four basic equations in the EDSCM of unsatu-
rated undisturbed loess, i.e., the equilibrium equation, the
continuity equation, the geometric equation, and the con-
stitutive equation. The equations are shown as follows.

3.1.1 Equilibrium equation

There are three independent equilibrium equations of unsatu-
rated soil, i.e., the general equilibrium equation, the equilibrium
equation of the liquid phase, and the equilibrium equation of the
air phase. All the equilibrium equations have been developed by
using dependent variables, such as pore water pressure, pore air
pressure, and the velocity of each phase. The three independent
equilibrium equations are given below.
The general equilibrium equation is

0 Ou,0j
& (0 — uady) +—- "

=0 (21)

where @ is the stress tensor (i, j = 1, 2, 3). fy; is the vol-
ume force (i = 1, 2, 3). u, is the pore air pressure and d;; is
Kronecker sign (i, j = 1, 2, 3).

The equilibrium equation of the liquid phase is

0 [uy
H(VW,' — VS,') = —kw a—XZ (E + y) (22)
where ky, is the unsaturated hydraulic conductivity related to the
matrix suction. 0 is the volumetric water content. u,, is the pore
water pressure Vy; is the velocity vector of the liquid phase
(i = 1,2,3). vy is the velocity vector of the solid phase(i = 1,2,
3). ry is the unit weight of water, and y is the water head.
The equilibrium equation of air phase is

0 (u,
- Vsi) = _kaG_x[ (a) (23)

where k, is the unsaturated permeability coefficients rela-
ted to the matrix suction. v,; is the velocity vector of the air
phase (i = 1, 2, 3). n is the porosity factor.

Water and gas migrations in unsaturated soil are
important processes in the seepage—consolidation coupling
analysis. The unsaturated hydraulic conductivity & and the
unsaturated permeability coefficient k, are dependent on

(n - 9) (Vai
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the matric suction. In this paper, by combining the water
and air migration in unsaturated loess [36, 37] with the
soil-water characteristic curve [28], the equations for
unsaturated hydraulic conductivity and permeability coef-
ficient of unsaturated undisturbed loess are as follows:

ng(l+e) 0. + [1 05((;;}
+ (ous

¢

ky = expg na + i (24)

0s — 6,
{1 + (ocs)ﬁ} "

where 1,4, 1, £, and ( are the fitting parameters, respec-
tively. n, = —0.0437 cm/s, ng = 0.111 cm/s, & = —2.91,
and { = 1.75. 0, is the residual volumetric water content,
0, = 0.0593 cm>/cm?. 0, is the volumetric water content of
the saturated loess sample, 0, = 0.554 cm’/ecm®. o, m and 7
are the fitting parameters, m = 1 — 1/n, o = 0.043 kPa!,
m = 0.682, and 7 = 3.148. e is the initial void ratio. ky, is
the initial permeability coefficient of unsaturated undis-
turbed loess, kq, = 0.015 cm/s [31].

ka = kaaexp] &< 0, + (25)

3.1.2 Continuity equation

In accordance with the mass conservation equation and the

generalized Darcy’s law for the source/sink conditions, the

continuity equations for the solid, liquid, and air phases of

unsaturated soil are expressed as follows, respectively.
The continuity equation for the solid phase is

%(1—n)+V-[(l—n)vs,-]=0 (26)

The continuity equation for the liquid phase is

0
&H—I-V (g'vwi):_QW (2’7)
where gy, is the water flow per unit area.

The continuity equation for the air phase is

0
o
where p, = 3 + Patm- Pam 15 the atmospheric pressure. g,
is the air flow per unit area.

In order to simplify the derivation and computation, the
velocity vectors of the solid, liquid, and air phases can be
rewritten. The divergence expression of the solid phase
velocity vector in Eq. (26) is

[(n = 0)P,] +V - [(n = O)Pvii]= — g (28)

as,;,-
Vot
where g;; is the strain tensor (i, j = 1, 2, 3).
The divergence expression of the liquid phase velocity
vector in Eq. (27) is

Vv =—6 (29

~—

_hw

Fw

(V Uy — VWS,-J»J) (30)

Vwi =

The divergence expression of the air phase velocity
vector in Eq. (28) is

k,
vai:f—(v'uafraﬁ,-jd-) (31)
Ta

where r, is the unit weight of air.
3.1.3 Geometric equation

In a plane strain problem, the strain tensor g; can be used in
the geometric equation, and its expression is

1 aug,- augj
—= - - 32
2 (6xj + ax,») ( )
where ug; and ug; are the displacement components of solid
phase in horizontal and vertical directions, respectively.

The minus sign “-” is used to convert compression into a
positive value.

&jj =

3.1.4 Constitutive equation

There are two parts in the constitutive equation of the
damage seepage—consolidation model, i.e., for the solid
phase and the liquid phase. With reference to Eq. (18), the

constitutive equation for the solid phase is
AO‘ll‘j = D?jilAﬁkl + F,]dS5,] = [D] [AS} + [F] [d?}

(33)

dmg dmg

where D;’,’d is an elastic—plastic damage modulus matrix for
strain-dependent in loading and wetting processes, which
can be written in matrix form [D];,.. F;; is an elastic-
plastic damage modulus matrix for matric suction-depen-
dent, which can be written in matrix form [FJ,..
Using Eq. (17) to describe the change in the water

phase, and expressing the net mean stress increment as

dp = d(o,, — u,), Eq. (17) can be written in an incremental

form, as follows:

ASW — A(Gm - Ma) A(I,ta - MW) Aq (34)
Kwp[ Hwt Kth

To simplify the calculations, the constitutive equations
for the solid phase and the liquid phase are both rewritten
in terms of the incremental quantities. Substituting
Egs. (32) and (33) into Eq. (21) gives:

1 Ouy aul>:|
— = | Dj | — +=— +F;; Aua _Auw 51“
D) { ijkl (@xl @xk ; ,1( ) y (35)
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al)tlkl (%?; + g_:;) [ ]aDlel (a@’;t + g_;i)
+

6K ypi Ot 2K yqiOt
F;m; 1 [L)Fim; OA(uy — uy)
— - - x
3Ky Ot Hy Ot Kyt ot
0 [Auy,
FV - 0AVG — V -k <u+y>+qw =0
6x,~ I'w

(36)

[ou(i )] pafouliez)

6K, 0t 2K,q:0t
le 1 [L]F,m, aA(ua — MW)
+ + X
3K, 0t H,,0t Kyt ot
(n — 0) du, k, Qu,
* 1 - 0 si a =
TV AL = O+ T e =Y

(37)

where the matrix [L] is introduced to facilitate the
computation.

> 20, —0y—0; 20,—0,— 0,
[L]=y/-- (38)
9 |20, — 0y — oy 61 61, 674

where ¢,, g,, and ¢, represent normal stress in x-, y-, and z-
coordinates, respectively. t,,, 7,,, and 7., represent shear
stress in different directions, respectively.

Equations (35)—(37) represent the governing equations
of unsaturated seepage consolidation. Each equation con-
tains five unknown quantities, which fully reflects the
coupling effects of the stress, strain, water seepage, air
permeation, and structure damage. Substituting Eq. (24)
into Eq. (36) and Eq. (25) into Eq. (37), the effect of
matric suction variation on the unsaturated hydraulic con-
ductivity and the unsaturated gas permeability coefficient
can then be considered. As all the governing equations
(Egs. 35-37) are in terms of the incremental quantities, and
assuming the material parameters are constants in each
increment calculation, the increment can then be adjusted
according to the actual stress and deformation. The
elastoplastic damage matrix elements and the suction
matrix elements are adjusted to reflect the actual state of
the soil according to the stress state.

3.2 Plane consolidation model of unsaturated
undisturbed loess

In order to simplify the calculation methods and the
mathematical models, the complex three-dimensional
problem has been reduced to a plane problem. In this
section, the governing equation, Eq. (21), is transformed
into two-dimensional coordinates, in which the elements in

@ Springer

the z-axis direction are not considered. By combining the
continuity equation with the matrix form, the elastoplastic
constitutive relation of soil skeleton can be written as
follows:

Ou 0%u 0%y %y
D11_6x2+D446 2+D14a 2+D42a 3
% *u
+ (D12 + Das) =—— + (D14 + Day) =—
Ox0y Ox0y (39)
I [P SRR P
1 ox 46 Ug
0 0
+<Fla +F46)Auw —fox=0
u 0%y o%u %y
D41a 2JrD44a 2JrD24a 2+D22a 5
*u %
+ (Daa + D21) =—— + (Daz + Doa) ——
X0y Ox0y (40)
—[(Fa+1)— LR 2A
2 a 46 Ug

0 0
+(F4a +F )Auw nyZO

0 Qu 0oy 0 [Ou Ov Ouy Oty
“aox Py 3@;(@ +&> Yo T By
ke (O [Ouy] 0 [0
:Tw{ax[ax]% [ay(””””‘qw
(41)
0 Ou 0 Ov 0 (Ou Ov Ouy Ouy,
biga T RE et *ar(a +6x) by b
< [ O [Ouy 0 [Ou,
a{a[ax}*a{ay”%
(42)

where A;, F;, and D;; (i, j=1, 2, 3, 4, 5, and 6) are the
matrix element signs as given in a previous study [31]. In
addition, @; and b; (i =1, 2, 3, 4, 5, and 6) are given by
Egs. (43)-(51), respectively.

a4 = D11 + Dy + D3y +ns,
3Kpt
n ADy1 + A2Dsy + A3D31 + AyDyy + AsDsy + AgDey
Kyt
(43)
@ = Dy + Dy + D3 +ns,
3Kwpt
n AD1y +AsDy + A3D3p + AyDyy + AsDsy + AgDe
Kuqt
(44)
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_ D4 + Doy + D3y

as
; 3Kapt
n A1Dy +A3Dy + A3zD3y + AyDy + AsDsy + AsDes
Kqt
(45)
dh e —ge— _(FrLt P2t Fs
4 5 Ko
1 AF1 +AyFy + AsF5 + AyF4 + AsFs +A6F6)
f—
Hwt qut
(46)
b] =1- aj (47)
by=1-a (48)
b3 = —a (49)
b4:a4—|—(n—0)/Pg (50)
bs = —das (51)

From the above analysis, we can see that Eqs. (39)—(42)
are the governing equations of the new EDSCM of unsat-
urated undisturbed loess in plane coordinate.

3.3 Discretization of governing equations

The governing equations (Eqgs. 39-42) of EDSCM have
been discretized using the Galerkin method. As the
weighting function in the Galerkin method is the same as
the shape function, the governing equations (Egs. 39-42)
can be obtained by the weighted integration method, which
has two domains: One is the space domain, and the other is
the time domain. Assuming that the shape function of the
displacement is the same as that of the pore pressure, the
element displacement and pore pressure can be expressed
as follows:
u= Nju;, v=Nyj,

Ug = Njltgj, = Njity; (52)

where N; is the shape function which is the same as N;, and
j=1,2,3, and 4.

The shape function of the quadrilateral isoparametric
element in the plane coordinate can be written as:

(1+ & +min)

Ni 4 i: 1,25354 (53)
where ¢ and n are the local coordinates, i.e., &= —1

=-—1; &=1, m=—1; &G=1, n3=1; and {=—1
Ny = 1.

By combining Eq. (39) and Eq. (40) with the Green
formula in the space domain, we obtain:

1643
// D 6N6N+D ON; ON;
u; 11 14 o 6y
A
ON; ON; ON; ON;
D L L= ) dx
+ Dy o Oy 44 3y 6y>
ON; ON; ON; ON;
// K (D” o P
ON; ON; ON; ON;
+Dyy o 67 Dyy dy ox )dxd

//uaj|:F1+ aalv F aaN:|dxd
aN
// Uyyj <F1]\7] o 6 )dxdy Fil (54)

// aN aN ON; 0N
g Yoy oy
ON; ON; ON; ON;
s TPy )d"d
ON; ON; ON; ON;
/ / V) <D22 +D24 o a—xj
55
+D ONiN; |\ azv,-% dxd o
2oy ax % ax )Y

ON; ON;
—// Uqj {FW;’EJF(FH 1)4N_/a—y}dxdy
ON;
// uw]<F4N] o —I—FzN] 3 )dxdy—

For the integral method in the time domain, the integral
equation from ¢ to (z + At) is as follows:

t+Ar
/ 1)

where At is time step. & is time integral parameter. f (¢ + At)
and f(¢) are the functions relating to (¢ + Ar) and ¢, respec-
tively. Based on the results from the earlier literature [6],
when ¢ > 1/2, the solution of Eq. (56) can be obtained. In
this paper, & = 2/3. Using Eq. (56), the governing equations
in the time domain can then be discretized.

Similarly, combining Egs. (41) and (42) with the Green
formula and integrating them by ¢ (1 <t < 1,) give the
expressions for the displacement and the pore pressure,
respectively:

1+ Ar) + (1 Ef (1) (56)
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// 8ﬂ+ 6N @) i aN i, aN @)
aq as —— ay I/lj ay as — o VJ
ON; ON;
A syl
dxdy = F3
(57)
ON; ON; (2) @)
R R G )

ON; ON; 6N ON;
Ox 6x y Oy

(58)

ON; ON;
dx ox

+ a4N; u( )—i— [asN +— (

+hsNjul) + [b4NN
~u(a§> }dxdy =F
Through the above simplifications (Eqs. 54-55 and 57—

58) in the space and time domain, the expressions of the
loading terms F;;, Fjp, Fi3 and Fyy are as follows:

0 0
Fy = %DuNi—udy - %DIZNi_de
Ox Oy
v  Ou
DN [ = 122
+ % 14Nl (ax + ay) dy
+ ?{D41Nialdy — %D42Ni@dx
dy Jy
ou Ov
— ¢ DNy [ 2+ V)
?{ “ (aﬁax)

— %Nl(Fl + l)uady + %N,F;;uadx

+ ?{N,-Fluwdy — fNiF4uwdx — // Nifoxdxdy
A

(59)

0 0
Fp =Dy %Ni_udy — D427{Ni_vdx
Ox Ox

+ D ]{N» @—F@ d
44 i\ ox dy y

0 o
+ Dy fNi—”dy —Dy, ]{Ni—vdx
Oy Oy

ov  Qu
-D N
247{]\/1 <8x+ 6y>dx

— %Nin;uady + fN,-(Fg + Du,dx + %N,-F4uwdy

- %N,quwdx - // NJ()ydxdy
A

(60)
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3.4 Specific expression of matrix elements

The finite element equations for solving plane problems
can be derived from the specific forms of the governing
equations:

MELES NNODE

Z [KIJ] I+AI{X }1+At

e=1 j=1

MELES

Z {R }r+At (63)

where MELES is the total number of structural units, i = 1,
2, 3, 4...MELES. NNODE is the number of unit node. In
this paper, we used the 4-node isoparametric element.

Therefore, NNODE = 4. {X,}?A' is the displacement

vector. {R;}-"*" is the load vector.

The modulus matrix of the elementis a 16 x 16 matrix,
and therefore, each rigid sub-block is a 4 x 4 matrix. The
expressions of 16 elements are as follows:

11 12 13 14 7 1A
K; K;i K7 K

. A Kgl K[?Z KZ'% K54 o4
[ U] e K3l K32 K33 K34 ( )

41 2 opds
K K Ky Ky ],
The concrete expressions for the modulus matrix
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elements in the above equation are written as the following 4 / / ON; ON;
K- = Ni| by —— + b3 — |dxd 78
functions: v : oy o Y (78)
A
aN GN ON; ON; ON; ON;
K]l / / i VIV i VIV
4% By 1 3x Oy K43 // baNiN; + ON; ON; +6N ON; A dx
Ox Ox Oy Oy
ON; ON;
4+ Dyy N a—yj] dxdy (65) (79)
ki // W, N, |, NN K = / NibsNjdxdy (80)
Ox Ox Jy Oy
ON; ON; Further, the final forms of the consolidation control
+Du dy ox dxdy (66) equations have been obtained through the discretizations of
the space and time domains. As part of the discretizing
KB =— / / [ Fi + )N, % — F4N; %] dxdy (67)  process, if the displacement and pore pressure of each node
! 0y are known at time t, the corresponding displacement and
pore pressure at time (f + Af) can then be determined. The
K4 — / / [Fl N aN }dxd (68)  total stiffness matrix has been transformed into a new
/ 6 6 matrix which is only left over by the complete Gauss
elimination method. According to the load terms F;; and
K2 — / / [ il ON; 6N 24%% 4 Dy %% F, and the boundary flows F;; and Fy4, the finite element
Y Oy Oy Ox Ox analysis of seepage consolidation coupling problem can be
ON; ON; carried out under the loading and soaking actions.
+ Dygy ox Oy ]dxd (69)
K2 // aN aN ON; ON; aN ON; 4 Numerical simulations and results
i 4 Jy Ox ay o
4.1 The modeled domain
ON; ON;
+ D44 —]:| dxdy (70)
Ox Ox Based on the new EDSCM of unsaturated undisturbed loess
’s ON; ON; and drawing on the results reported in some of the well-
K =— / / Uyj [thNja‘F (F2 + 1)N; a_y] dxdy (71)  known studies [3, 6, 22], a corresponding finite element
A program termed as ULEDSC has been compiled. The
) ON: ON. ULEDSC uses a four-node isoparametric element, which
K" = / / Uy <F4N,‘a+ FoN; a) dxd (72)  consists of two main procedures and twenty-six sub-pro-
A cedures. The detailed procedure has been described in a
ON. ON previous study [31]. In order to effectively compare the
Kisjl = / / N; (ala—xj-Faa a—]> dxdy (73)  field monitoring results with the illustrative numerical
A Y simulations, the large-scale field-soaking test of self-weight
ON; ON;
K?= [| Ni(a,=~ — )dxd 74
i // z(az oy +a3 ox y (74) sy TP ggga_r 1149 Eg%D
A 36 t 1581
32 s
K = / N;a4N;dxdy (75) 2
g 2
= 20
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if //[as ]+ dx ox 6 Oy >€ } Y 24l
A 8 4
4 B2
79k 5 ol
E
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Kg'l = // N; (bl a_j + b3 a_]> dxd (77) Distance/m

Fig. 1 Two-dimensional mesh (of 1500 elements) of the modeled
domain (unit: m)
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Fig. 2 Contours of volumetric water content at different days

collapsible loess located at Heping town, Lanzhou city,
Gansu Province in China, has been used as the example.
The thickness of collapsible soil layer in the studied area
exceeds 36.5 m.

The infiltration process is adequately represented on the
x—z plane (where x and z are the horizontal and vertical
axes, respectively). Furthermore, no changes were assumed
along the y axis. The radius of the test pit is the same as
that of the field test and is 20 m. The two-dimensional
simulation domain was 70 m in the horizontal direction
and 38 m in the vertical direction. The height of the test pit
is 2 m. In this paper, only half of the field test has been
used to simulate its wetting and subsequent drying periods.
This numerical domain has been discretized into 1500
quadrilateral elements and 1584 nodes. 1 — 1500 repre-
sents the quadrilateral elements, and 1-1581 represents the
node number in Fig. 1. The sizes of elements are 1 m
(width) x 2 m (length), 2 m (width) x 1 m (length), and
2 m (width) x 2 m (length), respectively.
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The six corner points are designated as A, B, C, D, E, and
O, as shown in Fig. 1. The bottom OE of the numerical
domain has been assumed to be under a unit gradient con-
dition. Except for the center zone corresponding to the infil-
trating test pit of the domain, the left side OA, right side DE,
and the top surfaces BC and CD have been assumed to be the
impermeable boundaries. A constant head boundary of 0.5 m
was assumed for the base of the test pit of the top boundary
AB, which reflects the pond head. The initial dry density,
initial suction, initial volume water content, void ratio, yield
suction, yield stress, and initial pore pressure of the whole site
are 1.35 g/cm3, 250 kPa, 0.20, 1.01, 120 kPa, 140 kPa, and
0 kPa, respectively.

4.2 Wetting and drying simulations
There are two parts in the numerical analysis, i.e., an initial

151-day period of wetting and a subsequent 251-day period
of drying. For the entire infiltrating area and different time
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periods, the multi-field coupling calculations correspond-
ing to the moisture field (volumetric water content), pore
pressure field (pore water pressure and air pressure), dis-
placement field (horizontal displacement and vertical dis-
placement), and damage field have been carried out.
Depending on the calculation requirement, different time
steps have been used for different time periods.

Figure 2a and b shows the variations of the volumetric water
content at 91 and 121 days during the initial wetting period. It
can be seen that the shape of the wetting front is similar to that
of a semi-elliptical. Because the modeled domain is symmet-
rical, the propagation of the wetting front is identical to a
pumpkin-shaped zone. This result is identical to those of Huang
et al. [17] and Gvirtzman et al. [13] and is also identical to that
experimentally reported in a previous study [35]. These results
described by Yao et al. [35] can be compared with the
numerical simulations of this study. In Fig. 2a, the wetting front
in horizontal direction is 13 m from the edge of the test pit, and
the vertical migration distance is 30 m to the center of the test
pit after 91 days. In the field test, the horizontal migration was
13 m, and the vertical migration was 27.5 m after 93 days [23].
In Fig. 2b, the wetting front in horizontal direction is 14 m
from the edge of the test pit, and the vertical migration distance
is 34 m to the center of the test pit after 121 days. In the field
test [35], the horizontal migration was 13 m, and the vertical
migration was 32.5 m after 121 days. Hence, for the shorter
wetting period, the simulated values are in accordance with the
measured values.

Height(m)

0 10 20 30 40 50 60 70
Distance (m)
(a) 76 days

0.00

0 10 20 30 40 50 60 70
Distance (m)

(c) 187 days

Fig. 3 Contours of vertical displacement at different days

Figure 2c and d shows the variations of the volumetric
water content at 187 and 287 days during the subsequent
drying period. Comparing with volumetric water contents
in Fig. 2a and b, the saturation areas are bigger and
extending to the bottom of the model. However, the vol-
umetric water content below the bottom of the test pit
decreases from 0.50 cm’/cm® (Fig. 2a, b) to 0.45 cm’/em’®
(Fig. 2c, d). This is an indication that the water in saturated
loess flows slowly downward from the test pit with no
external water supply, which makes the original saturated
loess gradually transit to unsaturated state. This trend is
more clearly shown in Fig. 2d. During the initial wetting
stage, the loess near the bottom of the test pit is trans-
formed to a saturated state. During the subsequent drying
stage, it is then gradually transformed from the saturated to
the unsaturated state with decreasing volumetric water
content and dehydration.

At the test site, the self-weight collapsible loess after
going through the wetting and the subsequent drying pro-
duces large deformations which include the horizontal and
vertical displacements. The vertical displacement defor-
mation is mainly the result of the collapsible deformation
during the wetting stage and the consolidation deformation
during the subsequent drying stage. With water infiltrating
slowly, the loess collapses and the vertical displacement
occurs due to the self-weight and water. According to the
vertical displacement shown in Fig. 3, the vertical dis-
placement diagrams are identical to those of the volumetric

Height(m)
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(b) 136 days

Distance (m)
(d) 287 days
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(a) Surface observation points
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Fig. 4 Comparison of measured and simulated collapse settlement at surface and deep observation points. Coordinate point (10, 36) corresponds
to 10 m in the horizontal direction and 36 m in the vertical direction, as shown in Fig. 2. The coordinate points (25, 38), (0, 31), and (0, 22) carry
similar meanings. A-5 and A-7 represent the distances of 5 m and 7 m from the surface observation Point A in the horizontal direction,
respectively. S-5 and S-14 show the distances of 5 m and 14 m from the base of the test pit of top boundary AB, as shown in Fig. 1, respectively
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Fig. 5 Contours of damage evolution at different days

water content (Fig. 2), but the infiltrating ranges are greater
than those of volumetric water content in Fig. 2a and b.
Figure 3c and d shows parts of the vertical displace-
ments during the subsequent drying stage. It can be seen
that the variation of the vertical displacement is small, the
final vertical displacement during the initial wetting stage
(Fig. 3b) is about 1.98 m, and the final vertical displace-
ment during the subsequent drying stage (Fig. 3d) is
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243 m. So, the final vertical displacement during the
drying stage is only 0.45 m. The vertical displacement
during the subsequent drying stage is mainly caused by the
loess collapse and consolidation settlements. Further, the
consolidation settlements mainly occur at the bottom layer
of the saturated loess. Hence, the collapsible deformation
mainly occurs at the deeper foundation below the test pit.
However, the collapsible deformation just beneath the test
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pit is relatively smaller. So, the vertical displacement
during subsequent drying stage is mainly caused by the
consolidation settlements of the shallow soil layer just
under the test pit.

The vertical displacement of each node in the modeled
domain has been determined. These simulated displace-
ments can be compared with that measured by Yao et al.
[23] with the surface and deep observation points. Taking
the coordinate points (10, 36), (25, 38), (0, 31), and (0, 22)
as an example (Fig. 1), the four coordinate points corre-
spond to Curves A-5, A-7, S-5, and S-14 [23]. Figure 4
shows comparisons of the measured and simulated collapse
settlements at surface and deep observation points. From
Fig. 4a during the initial wetting stage, it can be seen that
the simulated settlements at the surface observation point
A-5 are slightly larger than the measured settlements at
point (10, 36). On the other hand, the simulated settlements
at the surface observation point A-7 are in accordance with
the measured settlements during the wetting period and are
greater than those during the drying stage. For the deep
settlement observation points S-5 and S-14, there are dif-
ferences between the simulated and measured settlements.

Based on the simulated displacement increment and
volumetric water content change during the wetting and
subsequent drying periods, the collapsible volumetric strain
and the collapsible deviatoric strain can be determined. By
substituting the volumetric and deviatoric strain into the
structural damage evolution equation, the damage of each
node can be obtained. Figure 5 shows the partial damage
evolution pictures. It can be seen that the longer the test
period, the larger the damage area. Further, the damage
area is identical to that of the wetting front, which reflects
the effect of water on the structural damage. Due to the
definition of damage, the occurrence of damage is closely
related to the deformation and volumetric water content.
According to the damage value between 0-0.3, 0.3-0.7,
and 0.7-1, the area with water immersion deformation can
be divided into three parts, i.e., mild damage, moderate
damage, and severe damage. This is similar to the three
parts of the wetting zone shown in Fig. 2, i.e., saturation
zone, conduction zone, and wetting zone. In addition, from
the top pit to bottom pit of the modeled domain, the loess
collapsibility gradually decreases.

In addition, Fig. 5c and d shows that the damage of the
infiltration zone between the bottom of the test pit and the
lower boundary of the modeled domain is greater during
the drying period, but the damages in the middle and lateral
of the infiltrated area are smaller. Although the collapsible
deformation is smaller during this period, the volumetric
water content at the bottom of the model is practically
saturated. Therefore, these two parts of the collapsible
deformation and volumetric water content govern the
overall damage. In the middle part of the infiltration zone

and near the wetting front region, the damage is smaller
due to the lower volumetric water content and smaller
collapsible deformation, and its change rule is different
from the damage evolution during initial wetting periods.

5 Discussion
5.1 Morphology of wetting front

From the field-soaking tests [35] and the numerical results
published in a previous work (as shown in Fig. 2), it was
found that the morphology of wetting front was similar to
elliptic infiltration. Some research results show that the
water transport pattern of the self-weight collapsible loess
site is similar to that of the inverted bowl type, which was
more prominent in the soaking tests along the Zheng-Xi
high-speed railway line [23]. However, some results were
in accordance with those reported in the current paper.
There were no pre-injection holes in the self-weight col-
lapsible loess soaking test site of Chuanda expressway
[30]. A large number of observations from the TDR
moisture meter showed that the moisture morphology was
similar to that of the on-site monitoring [35], which was in
elliptical state. Huang et al. [17] showed that the water
infiltrated in the entire soil layer was similar to an ellipse
(in shape) in the slope soaking experiment.

In addition, Gvirtzman et al. [13] conducted two soaking
water experiments on two sandy loess sites. The TDR
moisture meter showed that part of the immersed water was
in the form of an ellipse, while the other was onion-shaped.
Furthermore, the morphology of wetting front obtained
using numerical calculations presented an elliptical shape.
This is similar to the results of numerical experiments
conducted in this paper. The final form of water immersion
is closely related to the geological environment, and the
related results still need to be further studied.
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Fig. 6 Effect of structural damage on the collapse deformation
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The results showed that the water transfer in the area of
self-weight collapsible loess presented the elliptical mor-
phology for infiltration at the early wetting stage and
became irregular at the subsequent drying stage. Further-
more, large collapse deformation occurred in the upper
loess. On the one hand, the upper loess has already pro-
duced large collapsible deformation, and the increase in
density hinders further migration of water. The gas resis-
tance effect formed by excess gas in the process of water
infiltration cannot be excluded, which affects the migration
of water. On the other hand, the lower permeability coef-
ficient of unsaturated soil affected the infiltration, whereas
the unsaturated permeability coefficient gradually
increased with the increase in the degree of saturation. It is
found through actual measurements that the degree of
saturation lay within the range of 0.4-0.6. The unsaturated
permeability coefficient corresponding to the degree of
saturation of 0.4 was two orders of magnitude lower than
the value corresponding to the degree of saturation of 0.6
[31]. Therefore, when the original site was not saturated,
the lower unsaturated permeability coefficient further
impeded the water infiltration. Gvirtzman et al. [13] also
obtained similar results using experimental and numerical
techniques.

5.2 Structural damage to the deformation

Taking coordinate point (20,36) as the calculation object
corresponding to the observation point A-5, the vertical
displacement under two working conditions with/without
considering structural damage is calculated. The results
obtained from the calculations are shown in Fig. 6. It can
be seen that the vertical displacement values with consid-
ering the structural damage were in accordance with the
actual situation. However, the vertical displacement values
without considering the structural damage were relatively
small and were due to the increase in the deformation
values caused by the structural damage. Moreover, the
increasing deformation values had a cumulative effect and
became more obvious in the subsequent drying stages. It
can be concluded that the structural damage could reflect
the softening of structure when it was soaked. In addition,
the structural damage can increase the collapse deforma-
tion, which made a significant contribution to simulate the
collapsible deformation.

It should be noted that in Figs. 4a and 6, the calculated
collapse deformation was larger than the measured value at
the later stage of the process, which may be related to the
increased deformation caused by the defined damage.
Furthermore, the continued diffusion of water increased the
degree of damage, which increased the collapse deforma-
tion at the same time. In fact, the collapse deformation in
the subsequent drying stage of the field test was smaller
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[23], while the dry stage was based on the deformation
characteristics of consolidation. Some existing studies [31]
have shown that there is a critical depth for collapsibility in
self-weight collapsible loess and that the collapse of loess
below the critical depth significantly reduces. It can be
concluded that the calculation of collapse deformation
using the proposed calculation procedure overestimated the
effect of water on the collapsible deformation.

In addition, it can be seen from Fig. Sc and d that the
damage was relatively large, and its value lay within the
range of 0.7-1.0 in the severely damaged section. Accord-
ing to some existing studies, the original loess undergoes
collapse deformation after loading and soaking, while at
the same time, the new structure regenerates [5]. When the
new structure and the collapsing structure interact, the
softening and hardening occur in the collapsing phe-
nomenon, and the collapse deformation will gradually
decrease. However, in simple terms, it can be assumed that
the damage will inevitably cause the overestimation of the
contribution of structural damage to collapsibility. Conse-
quently, both the elastoplastic damage model and the
program need to further optimize the design.

5.3 Hysteresis characteristics of the collapse
deformation

Comparing Figs. 2 and 3, it can be deduced that, when the
water was soaked for 16 d, it infiltrated 6 m downward,
while the vertical displacement was only around 3 m.
When the water was soaked for 76 d, the water infiltration
was 24 m downward, while the vertical displacement was
well within 14 m. Similar results were found in other
calculations, which are not listed in the current paper due to
limitation of space. A more detailed analysis of these cal-
culations can be found in another study [31]. It can be seen
that the generation of vertical displacement lagged behind
the water infiltration and that it was not the water that
infiltrated the loess and wetted it immediately. With the
passage of time, the occurrence of collapse clearly exhib-
ited its hysteresis characteristics.

Generally, the original loess has an overhead structure,
which also constitutes a microstructure [12]. Both the
instability and the damage of microstructure are closely
related to the rigidity and stress state of the structure [24].
The water infiltration leads to gradual destruction of the
microstructure. It is well known that the collapsibility of
undisturbed loess is closely related to its structure, due to
which the undisturbed loess has the ability to resist external
loads. This ability has a positive impact on the collapse
deformation. Through the CT mesoscopic scans during the
water soaking process, it was found that the original
structure of loess was destroyed depending on the degree of
soaking [38]. In addition, during the process of loess
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Fig. 7 Contours of moisture field in the infiltration zone when the air seepage coefficients had constant values

collapse, only when the water content reaches the critical
threshold, loess collapsibility could occur [5]. It can be
deduced that these factors jointly determine the hysteresis
of collapsible deformation after water immersion. There
are many factors affecting the hysteresis effect of col-
lapsible deformation, and further work is required to
understand this phenomenon in a better way.

5.4 Effect of unsaturated permeability/air
seepage coefficients on infiltration

Unsaturated permeability and air seepage coefficients vary
with the matric suction and are taken into account during
the proposed design. For comparison, the air seepage
coefficient was set to a constant value and did not change
with the matric suction. Its value was 1.5 x 107> cm/s,
while the step size was set to be 15 d, and the calculations
were conducted 10 times. Only a few of the calculation
steps are shown in Fig. 7. It can be seen that the volumetric
moisture content of the infiltration zone was nearly iden-
tical to that of the infiltration zone range (as shown in
Fig. 2), when water was immersed for 16 d, which indi-
cated that the air seepage coefficient had little effect on the
wetting front during the early stage of water soaking.
However, when the water was immersed for 76 d, the
wetting front migrated 32 m downward and 12 m to the
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right side (the distance from vertical line of the test pit) for
constant air seepage coefficient. For unsaturated air seep-
age coefficient (as shown in Fig. 2) and water seepage for
76 d, the wetting front migrated 26 m downward and 12 m
to the right side.

The results showed that the saturated and unsaturated air
seepage coefficients had a certain influence on the calcu-
lated results for the initial wetting stage. However, this
effect was not very obvious. The effect of unsaturated air
seepage coefficient on the moisture transfer was mainly
reflected in the middle wetting and subsequent drying
stages. In the initial wetting stage, water diffused down-
ward due to the gravity and matric suction, while the gas
was discharged normally. However, when the upper loess
collapsed and the pore structure was destroyed, it became
difficult for the gas in pores to be discharged when it
moved downward and laterally. Moreover, in the unsatu-
rated region of the infiltration zone, with the increase in
saturation and the decrease in suction, the unsaturated air
seepage coefficients decrease, and the difficulty of water
entering the pore increases, which makes the gas flow more
difficult. This phenomenon becomes more obvious in the
subsequent drying stage [9, 25].

However, when the air seepage coefficient was constant,
the gas flow was no longer constrained by the factors, such
as matric suction and degree of saturation, whereas the
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Fig. 8 Contours of moisture field when the permeability/air seepage coefficients had constant values

@ Springer



1652

Acta Geotechnica (2020) 15:1637-1653

effect of impeding moisture migration was also not obvious
[15]. Furthermore, the higher the saturation, the slower the
gas flows. When the air seepage coefficient was constant,
for the soil with higher degree of saturation, the gas flow
rate was the same as that when the saturation was low. The
gas flow sped up, while the water flow naturally acceler-
ated. This was also the reason why the infiltration depth
(shown in Fig. 7) was larger than that shown in Fig. 2b.

In the calculations, the permeability and air seepage
coefficients were set to be constant, due to which both of
them did not change with the variation in matric suction. The
saturated permeability and air seepage coefficients had the
values of 1.5 x 107> cm/s and 6.0 x 107> cm/s, respec-
tively. The initial conditions for the model remained
unchanged. Figure 8 shows the variation in volumetric water
content with time for constant permeability and air seepage
coefficients. When the water was immersed for 16d, it
moved quickly downward, achieving the maximum depth of
28 m. The volumetric water content in the infiltration zone
above the section was higher than 0.20 cm*/cm?, while the
width of infiltration zone exceeded the test pit edge by 4 m.
The infiltration zone expanded slightly when the water was
immersed for 76d. It meant that the water diffusion rate was
very high at the beginning of soaking, due to which it became
more difficult for the moisture to diffuse in the middle and
later stages of the process. The permeability coefficient was
not constrained by the matric suction, and therefore, water
diffused rapidly downward under the action of gravity in a
short time. With the collapse deformation at the bottom of
the test pit, the loess became dense and hindered further
diffusion of moisture in the test pit. However, more work is
needed to adequately understand this phenomenon.

6 Summary and conclusions

There are only a few studies on the multi-field coupling
response of self-weight collapsible loess foundation during
the wetting and drying periods. Hence, based on the BBM of
unsaturated soil, an EDM of unsaturated undisturbed loess
has been developed, which could respond to the damage
evolution properties of undisturbed loess in the loading and
collapsing process. Then, the EDM is incorporated into the
unsaturated seepage consolidation coupling theory, and
combining with water and air migration phenomena, an
EDSCM has been established for unsaturated loess. The
corresponding expressions of the new EDSCM in the plane
coordinate are given in this paper. Using the Galerkin
method, the key control equations have been discretized in
both the space and time domains. Based on the new estab-
lished EDSCM, a new finite element program termed as the
ULEDSC has been compiled. The validation of the new
compiled program ULEDSC has been carried out by
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comparing its simulated results with the monitoring data
from the in situ soaking test located at Heping town, Lanz-
hou city, Gansu Province in China.

The numerical results show that the propagation of
wetting front is identical to a pumpkin-shaped zone. It may
be related to lower unsaturated permeability and the gas
resistance effect. With water infiltrating slowly, the loess
collapses and the vertical displacement occurs due to the
self-weight of the collapsible loess and water. The vertical
displacement during the subsequent drying stage is mainly
caused by the consolidation settlements of the shallow soil
layer below the bottom of the test pit. The occurrence of
the damage is closely related to the deformation and vol-
umetric water content, which reflects the effect of water on
the structural damage. The collapsible deformation clearly
exhibits hysteresis characteristics. Furthermore, only when
the water content reaches the critical threshold, loess col-
lapsibility could occur. The unsaturated air seepage coef-
ficients had a certain influence on the calculated results for
the initial wetting stage. However, this effect was not very
obvious. The effect of unsaturated air seepage coefficient
on the moisture transfer was mainly reflected in the middle
wetting and subsequent drying stages.

The numerical results obtained from ULEDSC are in
accordance with the field monitoring data, which also
show the multi-field coupling response in the self-weight
collapsible loess foundation during the initial wetting and
subsequent drying periods. The new EDM and EDSCM
could provide a scientific reference for engineering con-
struction for collapsible loess, and the ULEDSC is a
powerful tool for understanding the multi-field coupling
problem of self-weight collapsible loess in Midwestern
China.
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