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Abstract

This paper presents a constitutive model for simulating the swelling—shrinkage volume change of expansive soils during
wetting—drying cycles. Based on the concept of the critical swelling—shrinkage state proposed by Zhao et al. [21], the
elastic swelling—shrinkage deformation, plastic swelling/shrinkage deformation, and accumulative deformation during
wetting—drying cycles were analyzed. Influences of the initial dry density and stress applied on the yield suction were
discussed. The suction decreasing yield surface (SD) and suction increasing yield surface (SI) were defined. The variations
of SD and SI yield surfaces were proposed. Calibration was performed with results of the cyclic wetting—drying tests
conducted. The proposed model was validated by simulating cyclic wetting—drying tests conducted on compacted Gao-
MiaoZi (GMZ) bentonite. Good agreements were obtained between the simulation results and the experimental ones. Using
the proposed model, influences of dry density and stress applied on the swelling—shrinkage deformation and accumulative
deformation of expansive soil were well described.

Keywords Constitutive model - Critical swelling—shrinkage state - Swelling stable state - Suction yield surface -
Wetting—drying cycles - Swelling and shrinkage deformation

1 Introduction

Geotechnical problems induced by the effects of wetting—
drying cycles due to the periodic climate changes or
environmental variations are widely encountered in the
environments [9, 10]. In deep geological repositories,
working as buffer/backfill materials, compacted bentonite
will experience large swelling—shrinkage deformations
during the cyclically wetting and drying processes, due to
the periodical variations in infiltration of ground water
from surrounding rock and heat generated from the
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radioactive waste in the canister [18]. This kind of swel-
ling—shrinkage deformations causes increase in perme-
ability even possible leakage of nuclides from the canister
[4, 19]. In the meantime, swelling—shrinkage deformations
of expansive soil foundations also could be observed due to
the cyclic wetting and drying induced by the seasonal
variations of groundwater level, which consequently lead
to destructions of buildings and structures in expansive soil
area [6]. Similarly, swelling—shrinkage deformations in the
cyclically wetting and drying processes induced by peri-
odic rainfall and evaporations in expansive soil slope,
leading to decease in soil strength even failure of soil slope
[14]. Therefore, investigations on the volume change
behavior of expansive clay induced by drying—wetting
cycles including development of constitutive models for
describing the swelling—shrinkage deformation of expan-
sive soil are of great theoretic and practical importance.
In this respect, many contributions have been made on
investigations of swelling—shrinkage behavior of expansive
clays through cyclic wetting—drying tests and construction
of constitutive models. For cyclic wetting—drying tests,
mainly two types of tests have been conducted including
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cyclic suction-controlled tests [1, 4, 11, 12, 14] and alter-
nately soaked-dried tests [5, 7, 15, 16]. According to the
test results from the studies, common conclusions could be
reached that [4, 17]: (i) The magnitude of swelling defor-
mation increases with the increase in water content or the
decrease in suction; similarly, the magnitude of shrinkage
deformation increases with the decrease in water content or
the increase in suction. (ii) The difference between swel-
ling and shrinkage deformations in the wetting—drying
cycles reaches its maximum value in the first cycle. Then,
it decreases with the increase in wetting—drying cycles. (iii)
Before reaching the equilibrium state, the accumulated
(total) deformation is of swelling or shrinkage depending
on soil properties, initial conditions, vertical stress or
confining pressure, etc. (iv) The soil deformation reaches
its equilibrium state after a certain number of wetting—
drying cycles [13]; [20].

For the development of constitutive models, most of
them were constructed based on elastoplastic theory,
among which, the Barcelona Basic Model (BBM) and
Barcelona Expansive Model (BExM) are the most repre-
sentative ones.

During the wetting—drying cycles, the variation of
swelling—shrinkage deformation is induced by change of
suction. The total deformation including the elastic defor-
mation and plastic deformation is expressed as Eq. (1).

de = de® + de’ (1)

where de is the total deformation, the de® and de” represent
the elastic and plastic deformations, respectively.

The elastic deformations occur when the current suction
is smaller than the yield suction. Contrarily, the plastic
deformations occur. In this regard, the elastic deformations
and the plastic deformations can be calculated by the fol-
lowing equations [2].

d.
de\e/s = Ky ’
S+ Dar 2)
dS()
deb = A
S0 +pat

where x, and A; are the elastic and plastic stiffness
parameters changing with suction, respectively. S, is the
yield suction.

According to Eq. (2), there are three key issues (in-
cluding the type of suction yield surface, variation of
suction yield surface (the hardening law) and the calibra-
tion on the elastic and plastic stiffness parameters with
changing suction) to be solved. In this regard, BBM model
[2] and BExM model [3, 4, 8] were proposed.

In BBM model [2], equations for the suction yield surface
and its variation were proposed for describing the swelling—
shrinkage deformation. However, only elastic behavior of
unsaturated soil during wetting is described in this model,
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which is almost impossible to reflect the accumulative swel-
ling deformation of dense soils after experiencing wetting—
drying cycles under lower stress. Meanwhile, yield suction is
constant with the changes of the stress applied. It is also
almost impossible to reflect the vertical stress and confining
stress effects on the swelling—shrinkage deformation.

In the BExM model [3, 4, 8], concepts of the suction
decreasing yield surface (SD) and suction increasing yield
surface (SI) were introduced for analyzing the swelling and
shrinkage mechanisms. However, functions for two the
suction yield surfaces (SD and SI) are not identified, and
variations of the two suction yield surfaces are also not
described. Eventually, swelling—shrinkage deformations
are calculated by two empirical functions (fI and fD),
which are fitted by back analysis of related test results.
Moreover, the parameters in the two empirical functions
are also difficult to be determined [17].

In this study, based on the concept of the critical swel-
ling—shrinkage state proposed by Zhao et al. [20], the elastic
swelling—shrinkage deformation, plastic swelling—shrinkage
deformation and accumulative deformation during the wet-
ting—drying cycles were analyzed. The effects of dry density
and the stress applied on the yield suction were discussed.
Suction decreasing yield surface (SD) and suction increasing
yield surface (SI) were defined, and then, the variations of
SD and SI yield surfaces were proposed. Based on these, an
elastoplastic constitutive model was proposed for describing
the swelling—shrinkage volume change behavior of com-
pacted expansive clays. The proposed model was verified
using the cyclical wetting—drying test results conducted on
compacted GaoMiaoZi (GMZ) bentonite.

2 Model framework
2.1 The critical swelling—shrinkage line

According to cyclic wetting and drying test results [20], the
following conclusions could be reached. (1) After several
wetting—drying cycles, the swelling deformation in the
wetting processes is equal to the shrinkage deformation in
the corresponding drying process, leading to elastic
deformations in the wetting—drying cycles. Consequently,
soil reaches an equilibrium state (A;A,, B;B, and C,C, in
Fig. 1). (2) For soils with same initial dry densities, accu-
mulative swelling deformation occurs under smaller
applied stresses; while an accumulative shrinkage defor-
mation was obtained under larger applied stresses. There-
fore, it must exist a critical stress when the accumulative
deformation is equal to zero. (3) For the soils with different
dry densities tested under a same applied stress, accumu-
lative swelling deformation was obtained on the soils with
larger dry densities, while accumulative shrinkage
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S1
Fig. 1 CSSL, SSL, and the elastic zone

deformation was recorded for those with smaller dry den-
sities. Therefore, it must exist a critical dry density when
the accumulative deformation is zero. (4) In the e-p space,
the critical points, including the critical stress and critical
void ratio, can be determined (points Al, B1 and C; in
Fig. 1). All the critical points almost locate in a line, which
is defined as the critical swelling—shrinkage line (CSSL).

The critical swelling—shrinkage line has two meanings.
(1) If a soil reaches the critical swelling—shrinkage state, no
accumulative deformation occurs in the cyclic wetting—
drying process. (2) If a soil reaches the critical swelling—
shrinkage state, an elastic swelling—shrinkage deformation
occurs in the wetting—drying cycles.

The equation for description of the critical swelling—
shrinkage line can be defined as,

€cs = }vcs(Pcs _pre) + érc (3)

where e is the critical swelling—shrinkage void ratio, p. is
the critical swelling—shrinkage stress. Parameters ., and
e, are the slope and intercept of the critical line,
respectively.

2.2 The swelling stable line

If a soil reaches the critical swelling—shrinkage state, the
state (point A, B, or C, in Fig. 1) at the end of the wetting
path is defined as the swelling stable state. All the swelling
stable state points locate on a straight line, which is defined
as the swelling stable line (SSL).

Equation for describing the swelling stable line could be
defined as,

€ss = /lsspss + exs (4)

where ey is the void ratio corresponding to the critical
swelling stable state, ps is the critical swelling

stable stress. Parameters Ay are e, the slope and intercept
of the critical swelling stable line, respectively.

2.3 The elastic zone

The specific zone enveloped by the critical swelling—
shrinkage line and swelling stable line is defined as the
elastic zone (Fig. 1). With the concept of the elastic zone,
the relationship between the elastic compressibility coef-
ficient and the applied stress can be reasonably obtained.

2.4 State parameter

For describing the relationship of the current state and the
critical state of a soil, a state parameter y is defined
(Fig. 2). The parameter y can be used as a state indicator
for determination of the relationship between the current
state and the critical swelling—shrinkage state of soil with

critial swelling-shrinkage line
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Fig. 2 State parameter
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consideration of coupling effects of dry density and the
applied stress. If y < 0, the soil is in a dense state and
accumulative swelling deformation occurs. If y > 0, the
soil is in a loose state and accumulative shrinkage defor-
mations occur. The state parameter also represents the total
accumulative swelling/shrinkage deformation during sev-
eral wetting—drying cycles.

According to the definition and Eq. (1), the state
parameter i/ can be expressed as,

/lcspcs] (5)

where e is the current void ratio and e is the critical void
ratio.

V=e—es=e—lex—

2.5 The suction yield surfaces

For describing the elastoplastic deformation and yield
behavior of soil during wetting process, the yield suction is
defined as the suction that soil transfers from an elastic
state to the plastic one. During wetting process, the yield
locus in the p-s space is defined as the suction decreasing
yield surface (SD). Similarity, during drying process, the
yield locus in the p-s space is defined as the suction
increasing yield surface (SI).

1. The suction decreasing yield surface SD

For describing the suction decreasing yield surface (SD),
it is assumed that there are five possible states A, B, C, D
and E of a soil at the beginning of the wetting process as
shown in Fig. 3. In Fig. 3, state A locates on the critical
swelling—shrinkage line; it indicates that some elastic
swelling deformation occurs during the wetting process.
Therefore, for soil at state A, the yield suction is suction s,.
This conclusion is consistent with that reported by Aird
Farulla et al. [1]. However, for the state B, the applied

shrinkage zone

e|l-———-

swelling zone CSSL

Fig. 3 Suction decreasing yield loci
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stress is smaller than the critical stress. Therefore, plastic
swelling deformations occur during the wetting process.
For soil at state B, their yield suction (Spg) should be larger
than s,. Similarly, for soil at state C, their state parameter is
larger than that of soil at state B. The plastic swelling
deformation is larger than that of soil at state B. Similar
experimental observations were also reported by Now-
amooz and Masrouri [13] and Zhao et al. [20]. Therefore,
the suction Spc is larger than suction Spg.

For soil at state D, swelling deformation is less than that
of soil at state C. It indicates that smaller plastic defor-
mations occur during the wetting process. The yield suction
Spp is also larger than s,. For soil locates at state E,
swelling deformation is less than that of soils locate at state
D indicating that smaller plastic deformations occur during
the wetting processes. The yield suction Spg is also larger
than Spp.

Therefore, for the applied stress lower than the critical
stress, the yield suction decreases as the applied stress
increases. When the applied stress is equal to the critical
stress, the yield suction is equal to the minimum value s,. If
the applied stress higher than the critical stress, the yield
suction increases as the stress applied increases.

It should be noted that, for simplification, a linear yield
locus was adopted in this work for describing the suction
decreasing yield surface (SD) (Fig. 3). The equation for
suction decreasing yield surface (SD) can be expressed as,

Sp =
$2 — 81 PcsS1 — Pref$2
cs re (P Spcs)
Pcs — Pref Pcs — Pref
§2 — 81 PcsS1 — PcS2
= z (P chs)
Pcs — Pe Pes — Pe
(6)
S Suction decreasing yield
surface (SD)
S B AR __E__vpes

S1

elastic zone

SDC
LC

plastic zone

SDB

plastic zone

§2
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where s, and s, are the highest and lowest suctions of the
wetting and drying cycles processed. p is the vertical stress.
Des 18 the critical stress. p. is the yield stress of the soil with
a suction of s;. pr is the reference stress, which is usually
assumed to be 1 kPa.

2. Suction increasing yield surface SI

Similarly, for describing the suction increasing yield
surface (SI), it is also assumed that there are five possible
states A, B, C, D, and E of a soil at the beginning of drying
processes as shown in Fig. 4.

In Fig. 4, state A locates on the stable line, it indicates
that elastic shrinkage deformations occur during the drying
process. Therefore, for a soil at state A, its yield suction is
s1. However, for a soil at state B, the stress applied is
smaller than the critical stable stress. Therefore, plastic
shrinkage deformations occur during the drying process.
For a soil at state B, the yield suction Sig should be smaller
than s;. Similarly, for a soil at state C, the state parameter is
larger than that of a soil at state B. The plastic deformation
is larger than that of soil at state B. Therefore, the suction
Sic is smaller than Sig.

For a soil locate at state D, shrinkage deformation is less
than that of soil at state C. It indicates that smaller plastic
deformations occur during the drying process. The yield
suction Spp is also smaller than s;. The yield suction Spp is
also smaller than s;. For a soil locates at state E, shrinkage
deformations are less than that of a soil locate at state D. It
indicates that larger plastic deformations occur during the
drying processes. The yield suction Sig is also smaller than
SID~

Therefore, for the applied stress lower than the critical
stress, the yield suction increases as the applied stress
increases. When the applied stress is equal to the critical
stress, the yield suction is equal to the maximum value s;.

D E

e|-———- - —-0———-

SSL

Fig. 4 Suction increasing yield loci

For the applied stress higher than the critical stress, the
yield suction decreases as the stress applied increases.

Similarly, linear yield locus was also adopted in this
work for describing the suction increasing yield surface
(SI) (Fig. 4). The equation for suction increasing yield
surface (SI) can be expressed as,

§2 — 81 PssS1 — PrefS2
P+ (p<py)
§; = Pss _7pref Pcs :pref (7)
82 S1 _ PssS1 PcS2 ([7 >P )
Pss — Pc Pss — Pc -

where pg is the swelling stable stress. p, is the yield stress
of the soil with a suction of s,.

2.6 The evolution of the three yield surfaces

For describing the variations of suction decreasing yield
surface (SD) during wetting—drying cycles, it is assumed
that there is a soil at its initial state AQO locating in the
swelling zone (Fig. 5a). Correspondingly, its initial suction
decreasing yield surface (SDO) is given in Fig. 5c. After
one wetting—drying cycle, the accumulative swelling
deformations occur (Fig. 5b) and the current state moves to
A1, which also locates in the swelling zone. However, the
state parameter of Al becomes smaller with the critical
swelling—shrinkage stress decreased indicating that the
suction decreasing yield surface shifts to left (Fig. 5c).
Similarly, after several wetting—drying cycles, the current
state changes to An, which locates on the critical swelling—
shrinkage line. Then, only some elastic swelling—shrinkage
deformations occur during the wetting—drying cycles
(Fig. 5b), and then the suction decreasing yield surface
(SD) stops to move (Fig. 5c).

Based on the above analysis, the variation of suction
decreasing yield surface (SD) is depended on the variation
of critical swelling—shrinkage stress and yield stress.
Therefore, the critical swelling—shrinkage stress and yield

§1
lastic zone
P SIA

plastic zone

Suction Increasing yiel
surface (SI)

LC

82
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Fig. 5 Schematic evolution of SD

stress can be defined as hardening parameter. The critical
swelling—shrinkage stress could be determined by the
relationship between the equation of critical swelling—
shrinkage line and the current void ratio. The yield stress
could be obtained by the relationship between compression
line and swelling line in the oedometer test with constant
suction s;. The equations for the critical swelling—shrink-
age stress and the yield stress could be expressed as:

e — €
Pes = % + Dre
cs
, 8
pe = Ks1 (Nsl _e+p f) B Asl p ( )
‘ K1 — gl sl h K1 — Agi

For describing the variations of the suction increasing
yield surface (SI) during the wetting—drying cycles, it is
assumed that there is a soil at initial state AO0.5 in the
shrinkage zone (Fig. 6a), and then its initial suction
increasing yield surface (SI0) could be expressed in
Fig. 6¢c. After one wetting—drying cycle, the accumulative
shrinkage deformations occur (Fig. 6b) and the current
state moves to Al.5, which also locates in the shrinkage
zone. However, the state parameter of Al.5 becomes
smaller with the critical stress increases indicating that the
suction increasing yield surface shifts to right (Fig. 6¢).

@ Springer

Similarly, after several wetting—drying cycles, the current
state changes to An, which locates on the swelling
stable line. Then, only elastic swelling—shrinkage defor-
mations occur during the wetting—drying cycles (Fig. 6b),
and then the suction increasing yield surface (SI) could not
move (Fig. 6¢).

Based on the above analysis, the variation of suction
increasing yield surface (SI) is depended on the variation of
swelling stable stress and yield stress. Therefore, the
swelling stable stress and yield stress could be defined as
hardening parameter. The swelling stable stress could be
determined by the relationship between the equation of
swelling stable line and the current void ratio. The yield
stress could be obtained by the relationship between
compression line and swelling line in the oedometer test
with constant suction s,. The equations for the critical
swelling—shrinkage stress and yield stress could be
expressed as:

e — €
Pes = % + Pre
cs
, 9
pe = Kg <N52 _e+p f) o As2 p ( )
‘ Ko — Ao As2 re Ko — Ao
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Fig. 6 Schematic evolution of SI

3 Calculation of swelling-shrinkage using
the proposed model

To calculate the swelling—shrinkage deformations of the
soil during the wetting—drying cycles, the initial state (p, s,
ep) of a soil, the critical swelling—shrinkage line and
swelling stable line should be known. Then, the elasto-
plastic swelling deformation during the wetting process
and the elastoplastic shrinkage deformation in the drying
process can be calculated successively.

For calculation of the elastoplastic swelling deformation
during the wetting process, according to the relationship
between the initial state and critical swelling—shrinkage
line, the critical stress is calculated by Eq. (3). In the
meantime, the yield stress can be calculated by Eq. (8).
Then, based on the critical stress and the yield stress cal-
culated, the suction decreasing yield surface can be deter-
mined by Eq. (6). Then, based on the suction decreasing
yield surface and current vertical stress, the yield suction
can be calculated by Eq. (6). Meanwhile, combining to the
critical swelling—shrinkage line and swelling stable line,
the elastic compressibility coefficient can be calculated by
Eq. (11). Then, based on the elastic compressibility coef-
ficient and state parameter, the plastic compressibility

coefficient can be calculated by (12) and the elastoplastic
swelling deformation can be calculated by Eq. (2). Finally,
according to the initial state and swelling deformations
calculated, the state of soil at the end of wetting process
can be determined.

Simultaneously, for calculation of the -elastoplastic
shrinkage deformation during the drying process, accord-
ing to the relationship between the state of soil at the end of
wetting and swelling stable line, the swelling stable stress
can be calculated by Eq. (4). In the meantime, the yield
stress can be calculated by Eq. (9). Then, based on the
swelling stable stress and yield stress, the equation for
description of the suction increasing yield surface could be
determined (Eq. (8)). Then, based on the suction increasing
yield surface and current vertical stress, the yield suction
can be calculated by Eq. (8). Meanwhile, combining to the
elastic compressibility coefficient and state parameter,
plastic compressibility coefficient can be calculated by
(12). Finally, according to the state of soil at the end of the
wetting process and the drying deformations calculated, the
state of soil at the end of drying process can be determined.

The calculation processes mentioned above should be
repeated for the next wetting and drying cycle until all the
wetting and drying cycles texted are simulated.

@ Springer
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4 Determination of Parameters

To calculate the swelling and shrinkage deformation of the
soil, the yield suction, elastic and plastic compressibility
coefficients should be determined using 10 parameters,
which include six yield stress parameters and two critical
state line and two critical stable line parameters in the
proposed model in this work.

For determination of the six yield stress parameters,
oedometer tests should be conducted at constant suction s;
and constant suction s, respectively. Based on the test
results, compression lines and swelling lines can be
determined. Then, parameters A;; and Ny, can be obtained
from the slope and intercept of the compression line at
constant suction (s;), respectively. Parameter x,; are
determined as the slope of the swelling line at constant
suction (sq). In the meantime, parameters Ay, and N, are
obtained from the slope and the intercept of compression
line at constant suction (s,). Parameter kg, is determined
from the slope of the swelling line at the constant suction
(52).

For obtaining the two parameters related to the critical
swelling—shrinkage line and two parameters related to the
swelling stable line, the cyclic wetting—drying tests should
be conducted. Based on the test results, the critical swel-
ling—shrinkage line and the swelling stable line can be
determined. Then, parameters e, and A, can be obtained
from the intercept and the slope of the critical swelling—
shrinkage line, respectively. Parameters e, and g can be
obtained from the intercept and the slope of swelling
stable line, respectively.

According to all the 10 parameters determined, the yield
suction can be calculated by Egs. (8) and (9).

The elastic compressibility coefficient x can be deter-
mined from the equilibrium (final) stage of the soil expe-
rienced several suction cycles.

o de  ey—e
" dlog(s)  log(sa/s1)

where s, and s, are the highest and lowest suctions of the
wetting and drying cycles processed. e; and e, are the void
ratios corresponding to suctions s; and s,, respectively. e;
and e, can be calculated by Egs. (3) and (4), respectively.
Based on these, Eq. (10) is rewritten as:

(;bss - /lcs) X IH(P) + (ers - erc)
IOg(Sz/Sl)

(10)

Ksi = (1 1)
Based on Eq. (11), the elastic compressibility coefficient
K can be calculated using parameters e, Aes, €5 and Ag.
In the meantime, the plastic compressibility coefficient
As can be determined from the elastic compressibility
coefficient and the state parameter. The equation for
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calculation of the plastic compressibility coefficient are
assumed as,

e = Kv[l + <eCS1 - e)(erc — 6)]
‘ Ks[l + (esss — €)(ers — )]

wetting process

drying process
(12)

where the e, is the critical void ratio, the ey is the
swelling stable void ratio.

5 Model verification

In order to evaluate the performance of the proposed
model, the cyclic suction-controlled tests conducted on
compacted bentonite [20] were simulated and analyzed.

5.1 Cyclic wetting-drying tests conducted
on GMZ bentonite

Zhao et al. [20] conducted suction-controlled cyclic wet-
ting—drying tests on compacted GMZ bentonite, which has
some basic physical properties including a liquid limit
93%, a plastic limit 47% and a solid particle density 2.67 g/
cm’. The statically and one-dimensionally compacted
specimens (50 mm in diameter and 10 mm high) have dry
densities 1.3 g/em?, 1.5 g/cm® and 1.7 g/em?, respectively.
All the specimens have an initial suction 110 MPa. The
cyclic wetting—drying tests were conducted with suction
changing between 0 MPa and 110 MPa under a vertical
stress 50 kPa, 100 kPa, 200 kPa, 300 kPa or 400 kPa,
respectively.

With the oedometer tests conducted under saturated
condition [21] and the constant suction 110 MPa, the
model parameters were obtained, respectively (Table 1).

Table 1 Parameters of GMZ bentonite

Parameter Value
€re 2.19
Aes 0.28
rs 2.93
Ass 0.348
Ngi 1.43
st 0.281
K1 0.024
Ny 10.18
Ao 1.22
K 0.016
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5.2 Simulation results and discussion

With parameters listed in Table 1, the swelling and
shrinkage deformations were calculated and compared to
the tested results (Fig. 7). Results in Fig. 8 show that the
tested results could be reasonably described by the pro-
posed model.

Results in Fig. 7 show that the difference between the
swelling deformation on wetting process and the shrinkage
deformation on the drying process was observed during
each wetting—drying cycle. However, after four wetting—
drying cycles, the swelling deformation and the shrinkage
deformation are almost the same, indicating that the
swelling—shrinkage deformation is reversible.

In the meantime, for the specimen with an initial dry
density 1.3 g/cm? tested under the vertical stress 50 kPa, an
accumulative swelling deformation was recorded (Fig. 7a).
However, for the specimen with an initial dry density
1.5 g/cm3 tested under the vertical stress of 400 kPa, an
accumulative  shrinkage deformation was recorded

(@ 17
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Fig. 8 Simulation of the specimens with initial dry density of 1.7/cm’

(Fig. 7b). Moreover, all the accumulative deformations for
the specimens tested increased with cycles.

For specimens tested under different vertical stresses,
test results and related simulated results were compared in
Fig. 8. Results in Fig. 8 show that the proposed model
could reasonably describe the influences of the vertical
stress on the accumulative deformation.

For specimens tested under the vertical stress 200 kPa
and 300 kPa, accumulative swelling deformations were
recorded (Figs. 8a and 8b). For the specimen tested under
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the vertical stress of 400 kPa, an accumulative shrinkage
deformation was recorded (Fig. 8c).

Test results of specimens with different initial dry
densities were simulated (Fig. 9). Results also show that
simulated results agree well with the tested ones, indicating
that the effect of initial dry density on accumulative
deformation could be reasonably described by the proposed
model.

For the specimen with a dry denstiy of 1.3 g/cm’, an
accumulative shrinkage deformation was sped (Fig. 9a).
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Fig. 9 Simulation of the specimens under the vertical stress of
200 kPa

@ Springer

For specimens with the dry density 1.5 g/cm® and 1.7 g/
cm’®, accumulative swelling deformations were recorded
(Figs. 9b and 9c).

6 Conclusions

To simulate the volume change behavior of compacted
expansive soil during wetting—drying cycles, a new con-
stitutive framework was proposed. The concept of critical
swelling—shrinkage state, which includes the elastic
stable line, elastic zone, and state parameter, was analyzed.
Then, a new suction decreasing yield surface and new
suction increasing yield surface were proposed. For SD
yield surface, the yield suction during wetting process
decreases as the stress applied increases in the swelling
zone and increases as the stress applied increases in the
shrinkage zone. For SI yield surface, the yield suction
during wetting process increases as the stress applied
increases in the swelling zone and decreases as the stress
applied increases in the shrinkage zone. Variations of the
suction decreasing yield surface and suction increasing
yield surface were described. The swelling stable stress,
critical swelling—shrinkage stress, and yield stress were
defined as hardening parameters. Based on these, a con-
stitutive model was proposed. The calibration of the model
was conducted. Comparisons between the simulation
results and experimental data show that the proposed
model can well describe the swelling—shrinkage behavior
of compacted GMZ bentonite during the wetting and dry-
ing cycles.

It should be noted that, during the cyclic wetting—drying
processes for soil tested under isotropic or oedometer
conditions, the most important feature concerned is the
swelling—shrinkage volume change. The model developed
in this work is more suitable for describing the volume
change behavior of expansive soils during cyclic wetting—
drying processes.
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