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1 INTRODUCTION 

It is importance of that the evolution of void ratio 
and net normal stress for proposing a rigorous hydro-
mechanical coupled constitutive function during dry-
ing and wetting. Some studies are focused on the 
stress state variations (Biot, 1972; Fredlund & Mor-
genstern, 1976; Coussy,1995). Other studies are 
concentrated on the void ratio (Fredlund, 1979; Saix, 
1991; Gallipolli et al., 2003; Salager et al., 2010). 
Experimental investigations were undertaken on a 
clayey sand to identify which one of these two varia-
bles (i.e., void ratio and net normal stress) has more 
significant effect on the SWCC. In order to achieve 
this objective, a new method was used in this paper. 
This method independently considers an influence of 
each variable on the SWCC. Especially, the void ra-
tio of specimens can stay the same when the total 
volume change continues to change during drying 
and wetting. It turned out that the SWCC directly 
depends on void ratio and indirectly on the stress 
state. 

The function that links these three variables (ma-
tric suction, s, degree of saturation, Sr and void ratio, 
e) can be represented as a 3-D curve or surface. The 
former is denoted as a Soil-Water Space Curve 
(SWSC) in this paper; the latter are typically referred 
to as a Soil-Water Retention Surface (SWRS) (Gal-
lipolli et al., 2003; Salager et al., 2010). The model 
proposed by Gallipoli et al. (2003) was used to in-

vestigate the relationship of the SWSC and the 
SWRS. In order to accomplish this objective, main 
research contents of the present study would be fo-
cused on the following: (i) the definition and deter-
mination methods of a soil-water space curve 
(SWSC) need to be given. (ii) projections of the 
SWRS are used to study the relationship under the 
condition of constant variables (i.e., void ratio, suc-
tion and degree of saturation). On the basis of the 
theoretical framework of Gallipoli (2012), some im-
provement and supplement are presented in this pre-
sent study in order to better investigate projections 
of the SWRS. (iii) The Equation of a soil-water 
space curve (SWSC) would be given in order to ana-
lyze the relationships between SWSCs and the 
SWRSs, which were developed for main drying 
path. 

2 EXPERIMNETAL INVESTIGATIONS 

2.1 Specimen preparation and arrangement of 
instruments 

The soil used for the experimental program was col-
lected from Dongying, Shandong province, China. 
Some basic index properties of this soil are summa-
rized in Table 1. Three specimens was named as D1, 
D2, and D3, respectively. 

Fig. 1 shows GEO-Experts stress-related pressure 
plate apparatus. The vertical load and vertical de-
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formation of specimens were measured through a 
load cell and a displacement sensor, respectively, 
which can be read from a digital gage (see Fig.1). A 
pressure regulator is used to control air pressure. Be-
sides, a bubble trap is used for air bubble flushing 
and removal. A vapor saturator is used to saturate air 
inflowing to the airtight chamber to prevent any pos-
sible evaporation.  

 
Table 1. index properties of Dongying soil. 

Index property  

Standard compaction tests  
Maximum dry density (kg/m3) 1701 
Optimum moisture content (%) 16.5 

Grain size distribution  
Sand content (%) 51.5 
Silt content (%) 35.9 
Clay content (%) 12.6 
Specific gravity 2.73 

Atterberg limits  
Plastic limit (%) 21.62 
Liquid limit (%) 33.10 
Plasticity index (%) 11.48 

Unified soil classification system (USCS) SC 

 

 
 
1-Airtight cylinder 2-Load cell 3-Airtight chamber 4-
Displacement sensor 5-Pressure regulators 6-Vapor saturator 7-
Air trap 8-Digital display. 
Fig. 1. GEO-Experts stress-related pressure plate apparatus 

2.2 Experimental procedures 

Fig. 2 shows the relationship between the void ratio 
and net normal stress (v) in an oedometer compres-
sion tests for the three specimens. D1 and D2 were 
brought to the same void ratio but different stress 
state before the SWCC testing, while D2 and D3 
were compressed to the same stress state but differ-
ent void ratio. The void ratio of specimens during 
drying and wetting would continue to change. In or-
der that void ratio of D1 and D2 is identical during 
drying and wetting, the SWCC of D2 was firstly 
measured so that its void ratio can be obtained at 
each suction level during drying and wetting. Fig.3a 

shows evolution of void ratio for the three specimens 
during drying and wetting. According to the meas-
urements of D2, the void ratio of D1 would be ad-
justed through changing the vertical stress to stay the 
same with that of D2 during drying and wetting. 
Fig.3b shows evolution of v for D1 during drying 
and wetting, while v = 200kPa was maintained for 
D2 and D3. Although the vertical stress of D2 and 
D3 is identical, the void ratio of them is different. 
Therefore, D1 and D2 can be seen as equal void ra-
tio, while D2 and D3 are measured at equal stress. 

 

 
 
Fig. 2. Void ratio versus net normal stress in compression test. 

 

 
(a) 

 

 
(b) 

Fig. 3. (a) Void ratio versus suction; (b) Net normal stress ver-
sus suction. 



2.3 Results and Discussion 

Fig. 4 summarizes the measured SWCCs of the three 
specimens (D1, D2 and D3) following the main dry-
ing and wetting paths. SWCCs of D1 and D2 are ap-
parently closer to each other than they are to the 
SWCC of D3, suggesting the SWCC difference at 
equal void ratio is far less than that at equal stress. In 
other words, the deviation of SWCCs caused by net 
normal stress is minor, which could be resulted from 
specimen preparation errors; while arosed from void 
ratio is major, which could be resulted from varia-
tion of pore structure of specimen. Therefore, void 
ratio has a direct influence on the SWCC while net 
normal stress only indirectly affect the SWCC via 
void ratio. Similar results were reported in Sun et al. 
(2007).  

 

 
 
Fig. 4. Comparisons of SWCCs at equal void ratio and equal 
stress 

3 DEFINITION AND RELATIONSHIP OF THE 
SWSC AND THE SWRS 

The experimental results summarized in the previous 
section highlights that void ratio can be considered 
as the third variable for the rational interpretation of 
coupled hydro-mechanical process. It is well known 
that in a typical SWCC test, both the degree of satu-
ration and void ratio are decreasing as suction grows 
large. The degree of saturation is positive correlated 
to void ratio according to the relationship of the 
equivalent function. If these relationships are plotted 
in the three-dimensional coordinates, the SWSC 
would be established. Gallipoli et al. (2003) pro-
posed a constitutive surface model (see Eq. (1)) that 
was used to investigate the relationship of the SWSC 
and the SWRS. 
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where ,  , m and n are model parameters.  
Fig.5 shows the relationship of the SWSC of D3 

(solid line) and a surface curve (short dash line) that 
derived from Eq. (1) in which e was set to 0.7816, 

which is initial void ratio of D3. Although the 
SWSC and the surface curve are located in the 
SWRS, their projections on different planes are dis-
tinct. One can note that projections of the SWSC 
consider the volumetric deformation and reflect the 
real drying path, while projections of surface curves 
determined by the SWRS represent only constant 
volume without deformation. Therefore, some con-
clusion can be drawn as follows: (i) The SWSC can 
indeed reflect deformation of specimens during dry-
ing. (ii) The SWSC is equivalent to the SWRS pro-
posed by Gallipoli (2003) at constant void ratio. (iii) 
the SWRS contains the SWSCs that cannot be ob-
tained from the SWRS using only Eq.(1). 

In order to acquire projections of the SWRS, any 
variable in Eq. (1) simply need to be set to a constant 
value. In addition, Eq. (1) would become three 2D 
equations. These 2D equations are independent each 
other in a 2D plane. From that point, this helps to in-
vestigate three projection planes, especially in the s-
Sr plane. In the previous section, projections of the 
SWRS at consatnt e cannot present the volumetric 
deformation. However, the volumetric deformation 
can be considered just from the perspective of a 2D 
equation in the s-Sr plane. 

 

 
Fig. 5. The relationship between the SWSC and a surface curve 
of the SWRS at equal initial void ratio 

4 PROJECTIONS OF THE SWRS 

Three projection planes that are widely used are suc-
cinctly described for providing background of how 
they can be used to describe the hydro-mechanical 
behavior of unsaturated soils. Fig. 6 shows projec-
tions of the SWRS on the three planes during drying.  

·The degree of saturation, Sr versus suction, s plot, 
namely SWCCs at constant void ratio, e (referred to 
as plane e); 
·The Sr versus e plot, s is constant (referred to as 
plane s). These planes are commonly referred to as 
the hydro-mechanical coupling curves (denoted as 
HMCCs);  



·The s versus e plot on the plane Sr, is commonly 
referred to as the retention consolidation curves (de-
noted as RCCs). 
 

 
 
Fig. 6. Typical schematic diagram of the three projection planes 
during drying  

4.1 SWCCs 

Eq. (1) can be rewritten like this on the plane e:  
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where econ = constant; e, e , me and ne are model 
parameters. The Eq. (2) converges to van Genuchten 
(1980) equation (VG model), namely =e /e

e. 
For the main drying path, Eq. (2) on the plane e 

(log-log scale plot) has an increasing negative tan-
gent (provided that product mn is positive) with de-
creasing values of Sr and an asymptotic slope of –mn 
as Sr tends to zero (Gallipoli, 2010). He further gave 
the asymptote equation and the slope of SWCCs. 

In order to quantitatively capture asymptotes, this 
study provides an approximate approach using theo-
retical derivation. Prior to determine an asymptote, 
two coordinate points are needed. One point (e.g. A1 
or A2) of asymptotes is known (see Fig 7); the other 
point can be indirectly obtained from the SWCC. 
According to mn  -e (e is the slope of asymp-
totes), this point has to satisfy the condition that the 
absolute value of the slope calculated by the two 
points is very close to the value of product mn. In 
order to obtain this point, tangential approximation 
methods can be used (e.g., A→B→C) (see Fig. 7).  

In essence, the method is based on the iteration. 
Take two main drying curves (initial void ratio, e1 
and e2 < e1 ) for example, 1, m1, n1 and 2, m2, n2 
are two sets of parameter values of Eq. (2) with re-
spect to e1 and e2. Point B1 (log1, mlog(1/2)) is a 
vertical projection of point A1 (log1, 0) on the cor-
responding curve (Eq. (2)). A tangent line at point B1 
can be obtained based on the slope of this curve. 
Combined with the asymptote equation, point C1 can 

be obtained by solving equations. After three itera-
tions, the last vertical projection point denoted as 
point H1 (log1 - (log)/n1, m1log), where  and  
are parameters (log  -1.5382 and log  -1.5506). 
The slope e calculated by points A1 and H1 is about 
equal to -1.008m1n1, meeting the necessary condition 
of mn  -e. Therefore, the asymptotes can be well 
captured through both points A1 and H1. 

To further validate that the asymptote determined 
by both points A1 and H1 is reasonable, a simplified 
calibration proposed by Gallipoli (2012) was used, 
which ensures the computed response are consistent 
with the experimental logarithmic planar behavior. 
Gallipoli (2012) suggests the values of m1 and n1 are 
considered to be acceptable if logSr  -m1, and oth-
erwise they has to be calibrated by imposing logSr, 

max = -m1 (Sr, max is the maximum experimental value 
of the degree of saturation). Considering that logSr = 
-1.5506m1 < -m1 for the point H1, as such, the as-
ymptote computed by both points A1 and H1 can 
capture a logarithmic planar behavior over the exper-
imental range. 

In order to investigate the relationship between 
asymptotes of two main drying curves at different 
values of e1 and e2, point H1 was moved horizontally 
to a asymptote corresponding to e2, resulting a inter-
section point R1. The difference of the logarithm of 
suction between point H1 and point R1 need to be 
obtained (see Fig. 7): 

2 1 1

1 1 1 2 2

log log
log log

m m
s

m n m n
   

  


  (3) 

Asymptotes of all main drying curves at constant 
void ratio are not parallel because of the existence of 
the second and third term on the right side of the 
above Eq. (3) except for m1n1 = m2n2. Therefore, all 
main drying curves at constant void ratio cannot be 
obtained by only a rigid translation. 

 

 

 
Fig. 7. Main drying curves on the plane e 



4.2 HMCCs 

The Eq. (1) is rewritten in the following way: 
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where scon=constant suction; s, s , ms and ns are 
model parameters.  

Gallipoli (2012) obtained Eq. (5) and Eq. (6) on 
the plane e and s, respectively.  
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Compared with Eq. (6), Eq. (5) provides a clear 
physical meaning as  is the air-entry suction at con-
stant void ratio. (van Genuchten, 1980; Gallipoli et 
al., 2003; Tarantino, 2009). It is well known that the 
initial void ratio of Eq. (5) has no effect on the 
SWCC at high suctions (Salager et al. 2007), while 
void ratio of Eq. (6) is affected by suction, mechani-
cal stress or both over the entire range of suction. In 
addition, the linear relationship in the logscon-log 
plane is less effective in terms of fitting the data. 
Hence, according to the value of suctions, Eq. (6) 
can be rewritten as 

L L LL - logloglog s         (7) 

H H HH - logloglog s    
    (8) 

where the subscripts L and H denote low suction and 
high suction, respectively; L, H,  L, H,  L,  H 
are parameters. In this case, the key objective is how 
to distinguish low suctions and high suctions. 

Interestingly, the asymptote in terms of ew (where 
ew = eSr) is independent of void ratio when the prod-
uct mn =1 (Gallipoli, 2012). Tarantino (2009) pre-
sented a similar model that satisfies the condition 
mn =1, and the suction has to be located at high 
suctions prior to using the condition. Therefore, con-
stant suctions imposed on the HMCC can be consid-
ered as high suctions when the product msnss=1. It 
is worth noting that the product msnss is not always 
equal to 1. For this reason, the imposed constant suc-
tion will be regarded as the low suction when 0  
mn 1 in the loge-logSr plane. On the basis of the 
conclusion, a bilinear relationship exists in the logs-
log plane (see Fig. 8). 

According to msnss =1, all HMCCs at high suc-
tions can be obtained by a rigid translation of the 
same graph in the loge-logSr plane. This is consistent 
with the inference of Gallipoli (2012). On the contra-
ry, the values of the product msnss at low suctions 
(0  msnss 1) are different so that this rigid trans-
lation cannot be achieved in the loge-logSr plane.  

 
 
Fig. 8. Bilinear relationship at constant suction with data from 
salager (2007) 

4.3 RCCs 

The Eq. (1) is rewritten in the following way in 

Equation (9). 
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where Srcon= constant degree of saturation; sa, sa , 

msa and nsa are model parameters. 
Compared with the e-s plane, RCCs are linear in 

the log-log scale plane (Gallipoli, 2012). It is gener-
ally known that the specimen has an initial value of 
suction at constant Sr (Sr  1). That is to say, speci-
mens have been unsaturated at starting point of the 
RCCs. As shown in Fig. 9, the line with short dashes 
is a modified curve that shows unsaturated states of 
specimens at different constant Sr. These results pro-
vide evidence that the void ratio of the specimen is 
decreasing with the reducing constant Sr, but the ini-
tial suction is increasing. The RCCs move towards 
the opposite direction along the logs axis with the 
increase in constant Sr.  

 

 

 
Fig. 9. Modifying RCCs at different constant degree of satura-
tion in the logs-loge plane (data from Salager, 2007, and initial 
void ratio e=0.44)  



5 ANALYSIS OF THE SWSC AND THE SWRS 

An equation of the SWSC can be written as: 

r r ( , ) ( )

( ) ( )

S S s e a
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From a mathematical viewpoint in the space coor-
dinate system, Eq. (10) represents the simultaneous 
solution of two curved surface equations, namely, an 
equation of the space curve. Eq. (10a) is equivalent 
to Eq. (1), namely the SWRS. Eq. (10b) can be rep-
resented in Eq. (11) proposed by Salager (2010). 
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where ei is the initial void ratio at saturation; a, b, c, 

d and  are empirical parameters. 
Parameters of the SWSCs have been given by 

Salager (2010) for the clayey silty sand, which will 
generate the SWRS of this soil. Fig. 10 shows 
SWSCs and the resulting SWRS in the 3D space in 
which solid lines are the SWSCs and a mesh is the 
resulting SWRS. Therefore, the SWRS could be ob-
tained from the SWSCs.  

 

 
 
Fig. 10. SWSCs and the resulting SWRS for different initial 
void ratios  

6 CONCLUSIONS 

Both from mathematical representation and graph-
ical visualization, it has been proved that all SWCCs 
(or hydraulic mechanical coupled curves, namely 
HMCCs) at constant void ratio (or constant suction) 
cannot be obtained by a rigid translation of the same 
graph.  

A tangential approximation method proposed in 
this study can capture the asymptote position of 

SWCCs. The imposed constant suction is regarded 
as the high suction when mn =1 on the loge - logSr 
plane and vice versa. In this case, all HMCCs at high 
suctions can be obtained by a rigid translation of the 
same graph.  

The retention consolidation curves (RCCs) need to 
be modified reasonably at a different constant degree 
of saturation.  

The SWSC can represent main drying path and 
indeed reflect the volumetric deformation of speci-
mens during drying. The SWSC is equivalent to the 
SWRS at constant void ratio. More importantly, the 
SWRS can be established by the SWSCs. 
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