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1. Introduction 
 

Completely decomposed granite (CDG), which is 

usually called Masado in Japanese geotechnical 

engineering, is a typical sandy soil that can be found widely 

in western Japan. Because Masado is well graded and can 

be easily compacted, it is often used as a reclaimed material 

for road construction. However, changes in the water 

content or the degree of saturation Sr can lead to very large 

variations in the strength and deformation of unsaturated 

Masado (Xiong 2020). As a result, one of the major causes 

of the failure of slopes that are made of either natural 

Masado (cut slope) or manmade Masado (reclaimed slope) 

is heavy rainfall (Murata et al. 1988, Li and Cameron 2002, 

Sehara et al. 2006, Kawamura and Miura 2018). Based on 

the results of a series of tests on unsaturated Masado, the 

stress-strain relationship and the changes in suction and 

saturation of Masado vary substantially under different 

loading/hydraulic conditions (Xiong, 2020). Therefore, to 

precisely model the hydraulic/mechanical behaviour of 

unsaturated Masado, it is of great importance to propose a 

saturated/unsaturated soil constitutive model coupled with a 

proper water retention curve (WRC). 
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A completely hydraulic/mechanical coupled constitutive 

model for unsaturated soil was first proposed by Vaunat et 

al. (2000). Thereafter, many efforts had been made to 

propose a saturated/unsaturated soil constitutive model with 

a WRC to properly consider the degree of saturation Sr (or 

volumetric water content, w) and suction s, e.g., the works 

by Sheng et al. (2004), Zhang and Ikariya (2011). It has 

been observed in many experiments, however, that the 

deformation of soil may influence the water retention 

behaviour (e.g., Miller et al. 2008, Romero et al. 2011, 

Salager et al. 2013, Seiphoori et al. 2014 and Sun et al. 

2014, Gao et al. 2018, Gao et al. 2021). Recent studies 

show that not only the degree of saturation but also the 

suction is influenced by the deformation of unsaturated soil 

(Burton et al. 2016, Xiong et al. 2019 and Xiong 2020). 

From these studies, it is concluded that the separate 

treatment of the mechanical and hydraulic components in 

modelling unsaturated soil behaviour has limitations in 

reproducing the experimental observations (Sheng 2011). 

Therefore, it is necessary to properly consider the influence 

of soil deformation when modelling water retention 

behaviour characteristics. 
In recent studies, the influence of the deformation of 

unsaturated soils on the water retention behaviour is usually 
modelled via a deformation-dependent WRC. Certain WRC 
models are in good agreement with most of the main tested 
drying or wetting curves at different void ratios, while 
hysteresis in water retention behaviour is ignored (e.g., 
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Gallipoli et al. 2003, Khoshghalb et al. 2015, Tan et al. 
2016, Wijaya and Leong 2017). Generally, the existing 
hysteretic WRCc models were proposed by relating the air 
entry value and/or variation in the degree of saturation to 
the soil density (Sun et al. 2007, Zhou and Sheng 2015), 
soil volume (Tarantino 2009, Sheng and Zhou 2011), 
volumetric strain (Nuth and Laloui 2008), and pore-size 
distribution (Maqsoud et al. 2012, Hu et al. 2013). 
According to a previous experimental study (Henkel, 1960), 
however, the change in void ratio is independent of the 
stress path, which has been used as a state variable in many 
constitutive models (e.g., Zhang and Ikariya 2011, Xiong et 
al. 2019). Therefore, to establish a deformation-dependent 
WRC model, it is also reasonable to relate the variation in 
saturation to the change in void ratio. Gallipoli (2012) and 
Gallipoli et al. (2015) presented a hysteretic WRC model by 
incorporating a power function of the void ratio in the van 
Genuchten model (van Genuchten, 1980). In the work of 
Pasha et al. (2017), a model for evaluating the void ratio 
dependency of the WRC in deformable porous media was 
proposed. 

In the aforementioned studies, however, most 
deformation-dependent WRC models were only validated 
against the tested hydraulic behaviour (Sr-s relation) of 
unsaturated soil. Only a few of the models were coupled 
with constitutive models and evaluated by comparing the 
simulated and tested hydraulic/mechanical behaviour (Sr-
stress-strain and s-stress-strain relations). In addition, the 
number of studies on the influence of structure on 
deformation and the influence of the strength of unsaturated 
soils, which has been observed in Masado (Tsuchida et al. 
2011), is limited. Therefore, in this study, the superloading 
concept was first introduced into an existing 
saturated/unsaturated constitutive model (Zhang and 
Ikariya, 2011) using the degree of saturation and the 
Bishop-type skeleton stress as state variables to consider the 
influences of the structure. Then a WRC model was 
proposed to account for the influences of deformation and 
hysteresis on the variations in saturation and suction. 
Finally, the proposed WRC model was incorporated into the 
constitutive model, and the validity of the newly proposed 
model was carefully verified using the results of tests 
conducted on unsaturated Masado, including water 
retention, oedometer and triaxial tests (Xiong 2020). 
 
 

2. Derivation of constitutive model 
 

2.1 Yield function 
 

To model the hydraulic/mechanical behaviour of 
unsaturated Masado, a constitutive model (Zhang and 
Ikariya 2011) for saturated/unsaturated soil was selected. 
Based on experimental results, Zhang and Ikariya (2011) 
proposed a saturated/unsaturated constitutive model using 
the skeleton stress and the degree of saturation as 
independent variables. The skeleton stress, a type of 
Bishop-type effective stress, is defined as follows: 
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For simplicity, throughout the context, the skeleton 
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Fig. 1 e–ln p relationship based on raising the N.C.L. and 

the critical state line (C.S.L.) due to instauration (Zhang 

and Ikariya 2011) 

 

 

Fig. 2 Subloading, normal and superloading yield 

surfaces in the p-q plane 
 

 

specification in the following context. 

In this constitutive model, it is assumed that the 

normally consolidated line in the unsaturated state 

(N.C.L.S.) is parallel to the normally consolidated line in the 

saturated state (N.C.L.) but at a higher position than the 

N.C.L., as shown in Fig. 1. N(Sr) and Γ(Sr) are the void 

ratios at N.C.L.S. and the critical state line in the 

unsaturated state (C.S.L.S.), respectively, under a reference 

mean skeleton stress pr. Furthermore, the overconsolidation 

of soil is also properly described based on the concept of 

subloading (Hashiguchi and Ueno 1977). 

In this study, to accurately describe the deformation and 

strength of unsaturated soil, the concept of superloading 

(Asaoka et al. 1998, Asaoka et al. 2000) was added into the 

present constitutive model (Zhang and Ikariya 2011) to 

properly consider the soil structure. The subloading, normal 

and superloading yield surfaces are shown in Fig. 2, and 

their intersections with the p-axis are pNl, pNle and pNh, 

respectively. The similarity ratio of the superloading yield 

surface to the normal yield surface R* and the similarity 

ratio of the superloading yield surface to the subloading 

yield surface R are defined as follows: 
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where, (p, q), (p*, q*) and (pʹ, qʹ) represent the present 

stress state, the corresponding normally consolidated stress 

state and the structured stress state at p-q plane, 

respectively. 

The yield function can be obtained as 
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(5) 

p0 is the reference mean skeleton stress,
p

v  is the 

plastic volumetric strain, η is the stress ratio and M is the 

stress ratio at the critical state. λ is the compression index, 

and κ is the swelling index. ρ* represents a void ratio 

difference between the normally consolidated state and the 

structured state under the same mean skeleton stress. ρs 

represents a void ratio difference between N.C.L. and 

N.C.L.S. under the same mean skeleton stress. N(Sr) and N 

are the void ratio at a value of Sr and at full saturation under 

the reference mean skeleton stress, respectively. ρe 

represents a void ratio difference between the normally 

consolidated state and the overconsolidated state under the 

same mean skeleton stress. 

An associated flow rule is employed in the model, 

namely, 

p
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(6) 

where   is the plastic scalar factor. 

From the consistency equation df=0, the consistency 

equation for the yield surface can then be given as: 

σ e
ij

ij 0 p 0 p

ps
v

0 p p

  1 * 1
( ) ( )
1 1

1 1
        ( ) 0

1

f
df d d d

e C e C

d d
e C C

r r




r



  

  

  


 

(7) 

It is clear that the evolution rule for the development of 

the state variables ρe of overconsolidation, ρ* of structure 

and ρs of saturation should be given in advance in order to 

obtain the plastic deformation. 
 

2.2 Evolution rules 
 

The evolution equations for the development of the state 

variables ρ* of structure, ρe of overconsolidation and ρs of 

saturation are given as follows: 
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where e is Napier’s constant,
p
d  is the plastic shear strain, 

m* is a parameter that controls the rate of collapse of the 

structure during shearing, Sr
r and Ss

r are the degree of 

saturation under residual and saturated conditions, 

respectively, parameters a, b and β control the development 

of the state variables ρe and ρ* and Nr is the void ratios at 

N.C.L.S. under the reference mean skeleton stress pr when 

the degree of saturation is in the residual state, that is, 

Nr=N(Sr
r), as shown in Fig. 1. 
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(11) 

Substituting Eq. (11) into Eq. (9), the evolution equation 

for the development of ρ* can be determined as 
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2.3 Plastic scalar factor and loading criteria 
 

Substituting Eqs. (8), (10) and (12) into Eq. (7), the 

valuable Λ can be determined as: 
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where 
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The loading criteria are given according to Zhang and 

Ikariya (2011), as shown below: 
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Fig. 3 Influence of structure parameter m* on the 

skeleton stress, strain and dilatancy relations 

 
 
2.4 Model parameters 
 

The constitutive model includes ten material parameters, 

five of which, M, N, λ, κ and ν, have the same meanings as 

those of the Cam-Clay model. Parameters a, b and β control 

the degree of over consolidation and can be determined by 

triaxial tests. Nr is the void ratio at N.C.L.S. under reference 

mean skeleton stress pr when the degree of saturation is in 

the residual state. The newly added parameter m* controls 

the rate of collapse of the structure during shearing and can 

also be determined by triaxial tests. 

Fig. 3 shows the simulated skeleton stress, strain and 

dilatancy relations in triaxial compression tests on 

unsaturated soil under drained-vented conditions with the 

same initial structure state value ρ*=0.3. During shearing, 

the confining stress and the suction were kept constant. 

Based on the figure, as m* increases, both the peak strength 

and the dilatancy of the soil decrease, which means the rate 

of collapse of the structure increases. 
 

 

3. Water retention curve model considering 
volumetric change 
 

3.1 Experimental evidence 
 

The WRC, also called the soil water characteristic curve 

(SWCC), is different for different types of soils. There are 

several methods to obtain the WRC for different suction 

ranges, e.g., the axis-translation, osmotic and vapour 

equilibrium methods. Measuring the volumetric change in 

unsaturated specimens induced by suction loading in the 

WRC test is essential to investigate the deformation 

dependency of the WRC. 

Xiong (2020) conducted water retention tests on Masado 

using a custom designed oedometer test apparatus with the 

axis-translation method. Both the suction and vertical 

displacement were measured during the entire 
loading/unloading process. The test results show that the  

 

Fig. 4 WRC of loam at constant void ratios (data from 

Sugii et al. 2002) 

 

 

Fig. 5 WRC of compacted Speswhite kaolin at nearly 

constant void ratios (data from Tarantino 2009) 
 

 

WRC of Masado moves towards a higher degree of 

saturation with decreasing void ratio, which is similar to the 

phenomenon observed by Salager et al. (2013). The 

obtained WRC clearly shows the concurrent influences of 

suction and deformation on the degree of saturation. In 

modelling the deformation dependency of the WRC, 

however, it is essential to quantify their effects individually. 

Nuth and Laloui (2008) first proposed an intrinsic WRC 

that describes the water retention capacity of soil with a 

constant porosity. Although controlling the porosity in 

WRC tests is difficult, the WRCs with different initial states 

were rearranged according to a fixed void ratio in certain 

studies, e.g., Sugii et al. (2002) and Tarantino (2009). 

Interestingly, an intrinsic shape is common for each of the 

void ratios within the ranges of concern, as shown in Figs. 4 

and 5. In addition, by comparing the shifting values ΔSr of 

the intrinsic WRC along the Sr axis and the variations in 

void ratio Δe, it is found that the shifting values ΔSr 

increase with increasing void ratio Δe. 
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Fig. 6 WRC model considering hysteresis (Zhang and 

Ikariya 2011) 
 

 

Based on the experimental evidence described above, in 

this study, the following two assumptions were made: 

(a) An intrinsic WRC at any void ratio could be 

determined by a simple parallel shift of the intrinsic WRC 

at a reference void ratio along the Sr axis in Sr-s space, and 

(b) The shifting value ΔSr of the intrinsic WRC along 

the Sr axis follows a linear relationship with the variation in 

void ratio Δe. 
 

3.2 Skeleton and scanning curves 
 

In the unsaturated soil constitutive model (Zhang and 

Ikariya, 2011), a WRC model using arctangent functions as 

its skeleton curves, as shown in Fig. 6, was adopted. Thus, 

in any moisture state (Sr, s), it is possible to obtain the 

incremental relationship between suction and degree of 

saturation as: 

-1

r = sdS k ds
 

(16) 

where ks is the tangential stiffness of the suction-saturation 

curve. Eq. (16) was used to describe the intrinsic WRC in 

this study. 

As noted by Tarantino (2009), the degree of saturation 

may change because of water flowing in/out of the soil 

(hydraulic path) or a change in the void ratio (mechanical 

path). From this viewpoint, the incremental saturation was 

assumed to be composed of two parts, dSs
r and dSe

r, of 

which dSs
r is attributed to removing water from the soil and 

r
edS

 is attributed to the change in void ratio de. In addition, 

according to the abovementioned assumptions, a new WRC 

model is obtained: 

r r

1

r s

e

e
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(17) 

where ce is a parameter corresponding to the change in void 

ratio. When the void ratio remains constant, the proposed 

model has the same expression as Equation (16). Moreover, 

from a micro-perspective, water can also flow into or out of 

pores during soil deformation. Considering the difference in 

the contact angle between the water flowing into and out of 

pores, it is reasonable to assume that the value of ce under 

compression and dilatancy conditions should be different. 

 

Fig. 7 Newly proposed main drying/wetting surfaces in 

Sr-e-s space 
 

 

By introducing ce, the skeleton curves of the WRC 

model (Zhang and Ikariya, 2011) can be modified simply 

and naturally as follows: 

(a) Main drying curve 
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(b) Main wetting curve 
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where e is Napier’s constant. c1 and c2 are scaling factors 

that control the intrinsic shape of the curves, while Ss
r, Sr

r, 

Sd and Sw have definite physical meanings. Ss
r and Sr

r are 

the degrees of saturation under residual and saturated 

conditions, respectively. Sd is a parameter corresponding to 

the drying air entry value, and Sw is a parameter 

corresponding to the wetting air entry value. 

Fig. 7 shows the main drying/wetting surfaces defined 

by Eqs. (18) and (19) in Sr-e-s space. Although the saturated 

and residual degrees of saturation of the WRC, Ss
r and Sr

r, 

respectively, increase as the void ratio decreases, the degree 

of saturation cannot be higher than 1.0.As a result, after Ss
r 

reaches 1.0, the intersection point of the main drying curve 

and the surface Sr =1.0 can be regarded as the air entry 

value, which increases as the void ratio decreases. In other 

words, the proposed model could also describe the 

influence of deformation on the air entry value, which has 

been observed in many experiments, e.g., Salager et al. 

(2013) and Seiphoori et al. (2014). 

Regarding the scanning curve, the incremental relation 

between suction and saturation is expressed as: 
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where kw is the gradient of the corresponding main wetting 

curve under the same suction condition, kdmax is the gradient 

of the main drying curve under the residual condition, and 

Id and Iw are scaling factors controlling the curvature of the 

scanning curve in the drying and wetting processes, 
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respectively. The inner variable r is defined as: 

max/r s s
 

(21) 

where smax is the suction under the residual condition. 

Moreover, the values of kw, kdmax and smax can be determined 

from Equations (18) and (19), and only Id and Iw are model 

parameters. Substituting Equations (20) and (21) into Eq. 

(17), the scanning curve between the skeleton curves can be 

derived accounting for the effect of the change in void ratio. 

It should be emphasized that there are three characteristic 

scanning curves under specific conditions. According to Eq. 

(17), 

(a) Constant suction (CS) condition, ds=0 

r edS c de
 

(21) 

(b) Constant degree of saturation (CDS) condition, 

dSr=0 

s eds k c de 
 

(22) 

(c) Undrained/unvented (u/u) condition, dw=0 

r r
r r

s swG G dw S de S de
S dS

e e e


   

 
(23) 

r )=( e s ed
S

s c k d
e


 

(24) 

where w is the water content and Gs is the specific gravity. 

By the abovementioned equations, the proposed WRC 

model can describe the variations in suction and saturation 

both under drained/vented and u/u conditions. In addition, 

these three characteristic scanning curves are important to 

determine the parameter values of the proposed WRC 

model. 

This WRC model is based on the assumptions in Section 

3.1. In other words, the WRC model is considered to be 

suitable for soils with suctions of less than 1500 kPa at the 

residual degree of saturation sate, such as Masado. For soils 

with a wider suction range, such as those in the test results 

presented by Chen et al. (2020), further studies are 

necessary. 
 

3.3 Model parameters 
 

Nine parameters are involved in the proposed WRC 

model, among which six parameters, c1, c2, Ss
r, Sr

r, Sd and 

Sw, can be determined in the same way as was done in the 

work by Zhang and Ikariya (2011). The newly added 

parameter, ce, can be determined by the intrinsic WRC at 

different void ratios from water retention tests. In 

determining the intrinsic shape of the WRC using the water 

retention test, ce is first determined by fitting the Sr-e-s 

relationships in the skeleton curves from water retention 

tests or triaxial compression tests under specific 

hydraulic/mechanical conditions, e.g., CS, CDS or u/u 

conditions, in which all suction, drainage discharge and 

deformation of a specimen are measured. After the value of 

ce is determined, Id and Iw can then be determined by fitting 

the obtained Sr-e-s relations of the scanning curves from  

 

Fig. 8 Parallel shift of the WRC in Sr-s space due to 

compression and the compound relations with ds and de 
 

 

Fig. 9 Influence of parameter ce on the skeleton curve of 

the WRC 

 

 

water retention tests. 
Fig. 8 depicts the drying process in a water retention test 

with a deformable soil whose compound relation with ds 
and de is illustrated based on the assumption of a parallel 
shift of the intrinsic WRC due to the change in void ratio de 

in Sr-s space. It is concluded from the figure that the shape 
of the real WRC diverges from the reference intrinsic shape, 
and point (Sr, s) continually jumps from one intrinsic curve 
to another. As a result, the compound relation in Sr-s space 
is expressed by the blue solid line. In other words, by 
coupling the proposed WRC with the abovementioned 
constitutive model, it is possible to describe the Sr-e-s 
relation properly. 

To investigate the influence of the newly added 

parameters on the WRC, ce, Id and Iw were assigned various 

values, and the water retention tests were simulated using 

the proposed model together with the proposed constitutive 

model. Fig. 9 shows the influence of parameter ce on the  
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Fig. 10 Influence of parameters Id and Iw on the scanning 

curve of the WRC 
 
 

skeleton curve of the WRC for deformable soil. In these 

element simulations, the initial condition is the same, that 

is, the initial suction s0=0 kPa, the initial degree of 

saturation Sr0=0.65 and initial void ratio e0=0.53. The blue 

line is the intrinsic WRC. Because of the change in void 

ratio due to suction loading/unloading, the shapes of the 

skeleton curves increasingly diverge from the reference 

intrinsic shape with increasing ce. 

Fig. 10 shows the influences of parameters Id and Iw on 

the scanning curve of the WRC. In these element 

simulations, the initial state is the same, that is, initial 

suction s0=15 kPa, the initial degree of saturation Sr0=0.55 

and the initial void ratio e0=0.53. The stiffness of the 

scanning curve of the WRC is higher than that of the 

skeleton curve at the same suction level, which is the same 

as the phenomena observed in the experiments by Xiong 

(2020). In addition, when Id is smaller than Iw, the stiffness 

of the drying scanning curve is higher than that of the 

wetting scanning curve. 
 
 

4. Performance of the proposed model 
 

A series of water retention, oedometer and triaxial tests 
on unsaturated Masado (Xiong 2020) were utilized to 
validate the performance of the proposed models. In these 
tests, three loading patterns were designed and conducted 
for the triaxial tests, that is, CS, CDS and u/u conditions. 

Certain test results, including water retention and 
triaxial compression CDS test results, were used to 
determine the nine material parameters of the constitutive 
model and the nine WRC parameters by the trial and error 
fitting method. The values of the parameters are listed in 
Tables 1 and 2. Moreover, the initial conditions, such as the 
initial stress, the suction and the degree of saturation, were 
set to be equal to the values used in the tests, as show in 
Table 3. 
 

4.1 Water retention tests 
 

In the water retention tests on Masado, the vertical net  

Table 1 Parameters of the WRC of Masado 

 Compression Dilatancy 

Saturated degree of saturation Sr
s 0.65 

Residual degree of saturation Sr
r 0.27 

Drying AEV (kPa) Sd 6.00 

Wetting AEV (kPa) Sw 1.00 

Influence of finite deformation on 

the degree of saturation ce 
0.6 2.0 

Shape function parameter c1 0.011 

Shape function parameter c2 0.042 

Scanning curve parameter Id (kPa) 1.6 

Scanning curve parameter Iw (kPa) 1.1 

 

Table 2 Material parameters of Masado 

S Compression index  0.089 

Swelling index  0.008 

Critical state parameter Rcs 3.65 

Void ratio N (p"= 98 kPa on the N.C.L.) 0.60 

Poisson’s ratio  0.25 

Parameter of overconsolidation a 10.0 

Suction parameter b 20.0 

Parameter of overconsolidation  10.0 

Parameter of structur m* 1.00 

Void ratio Nr (p"= 98 kPa on the N.C.L.S.) 0.63 

 

Table 3 Loading patterns and initial conditions 

Case 
Loading 

pattern 

Initial stress 

(kPa) 
e0 

s0 
(kPa) 

Sr0 
 

WR* Case 1 

- 

σv
net = 50 0.60 0.0 0.65 

WR Case 2 σv
net = 50 0.61 0.0 0.65 

WR Case 3 σv
net = 50 0.60 0.0 0.65 

ODE Sr=0.48 

CDS 

σv
net = 20 0.48 50 0.47 

ODE Sr=0.44 σv
net = 20 0.48 50 0.44 

ODE Sr=0.38 σv
net = 20 0.48 50 0.38 

TRI s0=50 

CS 

σ3
net

 = 50 0.59 50 0.44 

TRI s0=30 σ3
net

  = 50 0.60 30 0.51 

TRI s0=10 σ3
net

  = 50 0.56 10 0.52 

TRI s0=50 

CDS 

σ3
net

  = 50 0.59 50 0.52 

TRI s0=30 σ3
net

  = 50 0.58 30 0.53 

TRI s0=10 σ3
net

  = 50 0.56 10 0.59 

TRI s0=50 

u/u 

σ3
net

  = 50 0.54 50 0.52 

TRI s0=30 σ3
net

  = 50 0.56 30 0.56 

TRI s0=10 σ3
net

  = 50 0.55 10 0.61 

*WR: water retention test; ODE: oedometer test; TRI: 

triaxial compression test 
 

 

stress was kept constant, and the suction was loaded and 

unloaded stepwise between 0 and 250 kPa. Fig. 11 shows a 

comparison of the test and the simulated WRC of the water 

retention tests. Generally, the calculated results agree well 

with the experimental data. It can be observed in Fig. 11(a)  
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that the proposed model can describe the changes in the 
skeleton curves with the variations in void ratio. In addition,  
Fig. 11(b) and 11(c) show that the model can also describe 
the differences in stiffness between the drying and wetting 
scanning curves, which is crucial to the proper simulation 
ofunsaturated soil in triaxial compression tests under 
different draining and venting conditions. 
 

4.2 Oedometer tests 
 

In the oedometer CDS tests on Masado, the vertical net  

 
 

stress was first loaded to 20 kPa and the suction was loaded 

to 50 kPa. After the completion of consolidation, the  

vertical net stress was gradually increased from 20 kPa to 

965 kPa at different prescribed degrees of saturation. Fig. 

12 shows a comparison of the test and simulated results of 

unsaturated Masado in the oedometer CDS tests. The 

changes in suction under the CDS condition were calculated 

by Eq. (22). As shown in Fig. 12(a), the simulated 

relationship between the void ratio and vertical skeleton 

stress agreed quantitatively well with the test results.  

 
(a) Case 1 

 
(b) Case 2 

 
(c) Case 3 

Fig. 11 Comparison of the test and simulated WRC in the water retention test 
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Although the simulated suction is not coincident with the 

test result at the beginning of compression, the simulated 

suction increased with decreasing void ratio and approached 

the test value at the end of compression, as shown in Fig. 

12(b). 

 

4.3 Triaxial compression tests 
 

In the triaxial compression tests on Masado, the 

specimens were consolidated under the same confining 

stress but at different suction levels and then sheared under 

various conditions. Comparisons between the test and 

simulated results in the triaxial compression tests under CS, 

CDS and u/u conditions are shown in Figs. 13, 14 and 15, 

respectively. The changes in saturation under the CDS 

condition were calculated by Eq. (22), and the  

 

 

variations in suction and degree of saturation under the u/u 

condition were calculated by Eqs. (23) and (24), 

respectively. Furthermore, under the u/u condition, the pore 

air pressure was calculated by the ideal gas law as: 

c=a au V nRT 
 

(25) 

where ua, Va, and T are the pore air pressure, volume of gas 

and absolute temperature, respectively, n is the number of 

moles of gas, and R is the ideal gas constant. Therefore, the 

incremental pore water pressure uw can then be calculated 

as: 

=w adu du ds
 

(26) 

Fig. 13 shows a comparison of the test and the simulated 

results of unsaturated Masado in the triaxial compression  

  
(a) e-σ″ (b) Suction variation 

Fig. 12 Comparison of the test and the simulated results of unsaturated Masado in the oedometer CDS tests 

  
(a) q-v-a (b) Sr variation 

Fig. 13 Comparison of the test and simulated results of unsaturated Masado in the triaxial compression CS tests 
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(a) q-v-a (b) Suction variation 

Fig. 14 Comparison of the test and simulated results of unsaturated Masado in the triaxial compression CDS tests 

  
(a) q-v-a (b) Suction variation 

  
(c) Pore air pressure variation (d) Pore water pressure variation (uw0=20 kPa) 

Fig. 15 Comparison of the test and simulated results of unsaturated Masado in the triaxial compression u/u tests 
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tests under the CS condition. The simulated stress-strain-

dilatancy relation agrees well with the test results, although 

there exist discrepancies. As shown in Fig. 13(a), the 

volumetric strain of the test results was dilatant during the 

whole shearing stage in cases s0=50 and s0=30, while the 

calculated results transitioned from contraction to dilation 

as the deviatoric strain increased. Furthermore, Fig. 13(b) 

shows that the proposed model can describe the variations 

in the degree of saturation under the CS condition. The 

variations in the degree of saturation have the same 

tendency as the volumetric strain both in the simulated and 

test results. 

Then, the simulated results under the CDS condition 

were examined. As shown in Fig. 14(a), the simulated 

stress-strain-dilatancy relations agree qualitatively well with 

the test results under the different suction conditions. 

Moreover, Fig. 14(b) shows that the model is able to 

capture the overall trend of the tested suction. Since the 

volume strain transitioned from contraction to dilation, the 

simulated suction first increased slightly and then 

decreased. In the case of s0=50, the decrease rate of the 

simulated suction slowed down at a deviatoric strain 

ɛa=7.5%, due to the situation in which point (Sr, s) was 

transferred from the scanning curve to the main wetting 

curve. Similar results can also be found in the cases of 

s0=30 and 10. 
Fig. 15 shows comparisons of the test and simulated 

results of unsaturated Masado in the triaxial compression 
u/u tests. A good agreement between the calculated and test 
results is observed in Fig. 15(a). Compared with the test 
results, the simulated suction decreased gradually with 
increasing deviatoric strain in all cases, as shown in Fig. 
15(b). Nevertheless, the simulated suction almost reached 
the same value as the test at the end of shearing with an 
acceptable accuracy. Moreover, Fig. 15(c) and 15(d) show 
that the pore air and water pressures can also be described 
quantitatively using the proposed model. 

To confirm the performance of the proposed model 

under the three different loading conditions, the simulated 

and test results with the same initial suction (s0= 50 kPa) are 

plotted together and compared in Fig. 16. Both the  

 

 

simulated and test results show that the peak strength under 

the u/u condition at a strain level of a=3.5% is the lowest, 

while the residual strength under the u/u condition is the 

highest at a strain level of a=14.0%. In addition, the 

dilation under CS and u/u conditions is the largest and 

smallest, respectively, at a strain level of a=14.0%. Similar 

results can also be found in other tests with different initial 

suction levels. Although discrepancies still exist, the 

proposed WRC model coupled with the proposed 

constitutive model was able to properly describe the 

influences of the variations in suction and saturation on the 

strain-stress-dilatancy relationship of unsaturated Masado in 

triaxial compression tests under different 

hydraulic/mechanical conditions. It should be emphasised 

that although the newly proposed WRC model is very 

simple, it is absolutely impossible to achieve the 

abovementioned capability without separately considering 

the influence of suction and void ratio on degree of 

saturation. 
 

 

5. Conclusions 
 

In this paper, a saturated/unsaturated constitutive model 

considering the soil structure and a WRC model considering 

the volumetric change in soil is newly proposed. The 

proposed WRC model is incorporated into the constitutive 

model, and test results from a systematic programme of 

element tests conducted on unsaturated Masado (Xiong, 

2020) are used to validate the proposed model. The 

following conclusions can be drawn in this study. 

Based on the experimental evidence, it is assumed in 

this paper that if only subjected to volumetric deformation, 

the shape of the intrinsic WRC at any void ratio does not 

change, but the curve only shifts parallel to the Sr axis in Sr-

s space. 
Based on the aforementioned assumption, the original 

WRC model proposed by Zhang and Ikariya (2011) is 
modified by adding simplified linear functions of the 
increments in the degree of saturation, suction and void 
ratio. Using these newly proposed formulations, three 

  

Fig. 16 Comparison of the simulated results in the triaxial compression tests of unsaturated Masado under CS, CDS and u/u 

conditions (s0 = 50 kPa) 
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characteristic scanning curves under specific conditions are 
also proposed for the WRC model. 

By comparing the test and calculated results, it is found 
that on the whole, the calculated results agree well with the 
test results along all loading patterns. The proposed model 
has a satisfactory accuracy for describing the 
hydraulic/mechanical behaviour of unsaturated Masado 
under CS, CDS and u/u conditions. Of course, all the 
simulations are conducted under the condition that the 
material parameters are the same for all loading patterns. In 
addition, without this newly proposed WRC model, it is 
absolutely impossible to achieve the abovementioned 
capability. 

There are still discrepancies between the test and 

calculated suction-saturation relations, which is thought to 

be caused by the incomplete fitting between the test and 

calculated volumetric strains. To improve the accuracy of 

the proposed model, further refinements should be attained 

in both testing and modelling. 
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