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1 INTRODUCTION 

The pore-size distribution measured by mercury in-
trusion (the PSD) is now often used to investigate 
water-retention behaviour in fine grained unsaturat-
ed soils, so much so that an appropriate reference list 
would take up considerable space, and therefore we 
ask forgiveness from the many researchers active in 
this area.  Early work assumed that the cumulative 
PSD was a proxy for the SWRC - this was shown 
not be true for deformable soils, as the PSD changes 
with suction (Simms and Yanful 2001). A measured 
SWRC depends on how the PSD changes in re-
sponse to suction or stress. Simms and Yanful 
(2005) made predictions of the SWRC and shrinkage 
using a pore-network model to decouple volume 
change and desaturation on a pore by pore basis. 
While this approach appeared to have some success, 
at least to simulate the drying curve for the soil stud-
ied, it is not practical to link such models to bounda-
ry value problems. Additionally, even this relatively 
sophisticated model ignored important aspects of 
unsaturated soil behaviour, such as the role of me-
niscus water on soil stiffness and post-collapse be-
haviour (Wheeler et al. 2003), and decoupling of the 
clay dominated matrix volume change from silt-sand 
skeleton volume change (Romero 2013). Despite 
these limitations it is the authors’ impression that 
more can be gleaned from PSD data in terms of 

guiding formulation of deformation dependent 
SWRC functions that are used in constitutive mod-
els.  
 This paper proceeds by linking some concepts 
from the work of the afore-mentioned authors to de-
scribe qualitatively what happens during virgin dry-
ing of a particular soil, for which the authors possess 
considerable data on its drying behaviour, and also 
have PSD measurements. Some insights appear from 
this analysis, and a new function for the potential 
SWRC is proposed.   

2 BACKGROUND 

The experimental procedure for MIP is described in 
many references (Simms and Yanful 2004, Romero 
and Simms 2008, Romero 2013), and the details 
need not be repeated here. Mercury, a non-wetting 
fluid with respect to most soil minerals, is intruded 
under increasing pressure into small (< 1g) dehy-
drated soil samples. The intrusion of Mercury fol-
lows the Washburn equation in terms of dependence 
of pore intrusion on pressure. Theoretically, the ac-
cessibility of pores, or the influence of smaller pores 
surrounding large pores, should also be important. 
However, accessibility should induce scale depend-
ency on the results, which has not been detected, and 
should also confuse correlation of the PSD with the 
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SWRC for stiff soils or soils held at constant vol-
ume. Therefore, the PSD seems to be close to the re-
al pore-size distribution, or at least it describes pore-
architecture that can be translated to the SWRC, 
without considering the differences in pore accessi-
bility between soil samples of different scales, and 
intruded by different non-wetting fluids (air and 
mercury). 

The PSD in many soils have common attributes, 
including a pore mode centred at about 0.1 microns 
that does not appreciably change; a pore mode that 
seems to characterize the inter-aggregate porosity, 
which is cantered on a pore radius that decreases 
with suction and stress; and a third type of porosity 
sometimes termed lacunar, which includes porosity 
delineated by the soil-skeleton of coarse particles 
that is not infilled by the clay matrix. The last type 
or porosity and its interaction with the behaviour of 
the clay matrix has been described by Romero 
(2013) and co-workers. Here, we focus on the be-
haviour of the second pore-mode.   

Both the first and second pore-modes are best de-
scribed using a lognormal distribution function 
(Simms and Yanful 2002, Simms 2003). This is not 
surprising as lognormal distributions pertain to vari-
ables that are products of normally distributed varia-
bles. Particle size distributions of many soils also 
can be described by lognormal functions (Buchan 
1989). The differential and cumulative forms of the 
lognormal distribution are: 

   (1) 

 (2) 

Where µ and σ are parameters such that the mean 
and mode are given by exp(µ+σ2/2) and exp(µ-σ2) 
respectively.  

3 MATERIAL AND MEASURED DATA 

For this paper we use measured data from a mine 
tailings. The tailings were generated from overbur-
den mining for bitumen in Western Canada, and 
contain substantial amounts clay minerals (Table 1).  
These tailings have an initial water content of 180%, 
well above their liquid limit. The shrinkage curve, 
and the SWRC are presented in Figures 1 and 2, 
while PSD data at w= 140%, 100%, and 40% are 
shown in Figure 3. The SWRC is generated using a 
combination of axis-translation with void ratio esti-
mation and measurement of total suction of air-
drying small samples (< 100 g) using a Decagon 
WP4 Dewpoint Hygrometer. The shrinkage curve is 
a composite of measurements from the axis-

translation test, and from paired measurements of 
volume change and water content in 1 m by 0.9 m in 
plan and 0.3 m thick “drying box” tests described in 
Simms et al. (2017) and Daliri et al. (2016). The 
PSD samples were generated by flash freezing of ~ 
5 g samples, using liquid nitrogen cooled pentene, 
which were placed in a cooled vacuum desiccator to 
remove ice by sublimation. The MIP tests were run 
on a Micrometrics Poresizer at the University of 
Western Ontario, on samples further fractured to < 
1 g.  

The most notable aspect of the drying behaviour is 
the bimodality of the shrinkage curve and the 
SWRC, with a large decrease in saturation at a rela-
tively low suctions (< 10 kPa) to 70%, followed by 
further shrinkage., characterized by a second air en-
try value (AEV) at about 200 to 300 kPa at a water 
content between 35% to 40%. No macroscopic vol-
ume change is appreciable for water contents lower 
than 35%.  
 
Table 1. Properties of analysed tailings 

Properties Values 

LL, PL, SL,  
Specific gravity  

80, 45, 47   
2.2 

D90, D60, D30, D10, 
 % < 2 um  

75, 10, 3, 0.8   
30% 

Pore-water electrical con-
ductivity and dominant ions 

~1.6 mS/ cm 
 
Na (~300 mg/L) 
Cl (~100 mg/L) 

 

 
Figure 1. Shrinkage curve of tailings 

 

 
Figure 2. SWRC terms of water content and Sr 



 

 
Figure 3. Pore-size distributions measured during drying of 
tailings fitted with lognormal distributions with modes of 1.2, 
0.8 and 0.4, with µ values of 0.24, -0.10, and -1.0 respectively, 
all with σ value of 0.30. 

 
As shown in Figure 3, the upper pore-mode can be 

described by lognormal distribution functions. Each 
pore-mode can be described by functions with the 
same σ value. The volume of the large pore mode 
decreases approximately linearly to the change in 
water content.  

4 ANALYSIS 

Particularly relevant to constitutive modelling is 
how the evolving PSD compares to the measured 
SWRC data. Potential SWRC functions can be cal-
culated from each cumulative pore-size distribution, 
with the reasonable assumption that the large pore 
mode does not include the large pores drained at 
very low suction (initial Sr of 70%). 

That the measured SWRC is closest to the poten-
tial SWRC at the lowest water content is reasonable. 
Of course, the tailings degree of saturation decreases 
slightly below Sr =70% before reaching 40% water 
content (Figure 1), which is reflected in Figure 4. 
That is, some desaturation occurs simultaneously 
with deformation of the PSD. 

If one accepts that the PSD and its lognormal 
shape is common to many soils, one can establish 
some desirable attributes for constitutive modelling 
for unsaturated soils. The concept of a potential 
SWRC is particularly useful. This concept is already 
employed, at least implicitly, in some models. As an 
example, plastic deformation in the Glasgow Cou-
pled Model (GCM, Wheeler et al. 2003), can be ex-
pressed in the following integrated form: (Qi et al. 
2018, Qi 2017): 
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Figure 4. “Potential” SWRCs from cumulative PSD data, and 
the measured Sr data. 
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where λ,κ,λs,κs are slopes are slopes of the plastic 
and elastic compressibility curves and idealized wa-
ter retention function in log suction space, v is the 
specific volume (1+e), νp is the cumulative plastic 
strain, N0 and Ω0 are anchoring points for the satu-
rated compressibility function and the initial primary 
drying or wetting curve, p* is the bishop’s stress and 
s* is the modified suction (product of suction and 
porosity), and k1 and k2 are coupling parameters. 
Drawing attention to the second equation (Equation 
4), one can understand it as a description of the 
shifting of the CPSD with plastic strain (the second 
term), which can occur both before and after the ini-
tiation of desaturation, the latter being termed simul-
taneous yielding (Wheeler et al. 2003). Generalizing 
the second equation: 
 

 (5) 

 
now F1 denotes any function for shifting of the PSD 
with plastic strain (or void ratio), and F2 is the cu-
mulative pore-size distribution or potential SWRC.  

 Looking at measured PSD data, we might be 
able to infer something about F1 and F2. For the data 
is this paper, the AEV of each potential SWRC var-
ies linearly with changes in void ratio. The potential 
AEV occurs at threshold pore diameters roughly 
double the mode of the large pore-size distribution: 
at 2.4, 1.6, and 0.8 microns for each of the given 
PSD curves (Figure 5).  As shown in Figure 5, 
these are linear with the change in void ratio. As re-
ported in Simms (2003), many clay soils show high-
ly correlated variation of the mode of the large pore-
distribution and also the pore-size corresponding to 
the AEV of the potential SWRC, with void ratio. 



Therefore, the assumption of the linear variation in 
the AEV with void ratio or plastic strain is concord-
ant with PSD measurements in many soils. Further, 
the value of F1 could be informed by PSD measure-
ments. 

With respect to F2, the cumulative lognormal 
function itself is not especially practical to imple-
ment into constitutive equations to solve boundary 
problems. However, some functions may better ap-
proximate the lognormal function than others. Figure 
6 shows the lognormal fits to the large pore modes at 
140% and 40% water content, along with the storage 
functions for log-linear functions of F2, the storage 
function appropriately weighted with discrete differ-
ences between the measured values of diameter to 
generate an equivalent PSD.  Figure 7 shows the 
potential SWRCs fitted with the log-linear function. 
Both functions have the same log-linear slope, and 
are given by: 
 

 (6) 

 
where Sr0 and Srr denote the initial degree of satura-
tion after macropore drainage and the residual de-
gree of saturation respectively, b is the location and 
a is the slope of the log-linear function. While the fit 
in Figure 7 might appear sufficient, the differential 
PSD / storage functions shown in Figure 6 show 
large differences. While sufficient for some prob-
lems, the authors’ experience is that when suctions 
at the high end are of interest (e.g. problems involv-
ing evaporation), the log-linear approximation is in-
sufficient, unless it is combined with an additional 
function that defines the SWRC below the residual 
water content. 

An alternative formulation can be derived, con-
sidering an approximation of the cumulative 
lognormal function found by Mihalyko and Blickle 
(2000) of the form x1.6/ (1+x1.6): 

 (7) 

  Where a and b give the AEV and regulate the av-
erage slope of the function respectively. Both a and 
b can be expressed to shift the function with plastic 
strain (or void ratio) and to keep the average slope 
the same in log-linear space by setting: 
 

 (8) 

 

 
Figure 5. Correlation of threshold pore diameter with void ratio  

 

 
Figure 6. PSD functions implied from log-linear SWRC func-

tions compare to measured PSD data 
 

 
Figure 7. Potential SWRCs fit with log-linear functions of the 

same slope 

 

 (9) 

 
The fits to the potential SWRC functions are 

shown in Figure 8, and present S-shaped curves that 
will have storage functions very similar to the meas-
ured PSD curves. 

 
 

 



 
Figure 8. Potential SWRCs fit with the approximate form of 
the lognormal distribution 

5 SUMMARY AND CONCLUSIONS 

Functions in constitutive models of hydro-
mechanical coupling that parameterize the SWRC, 
are probably better understood as parameterizations 
of the cumulative pore-size distribution. If this is 
true, some helpful information can be gleaned from 
PSD measurements to improve formulations of the 
“potential SWRC” in constitutive models. Some ob-
servations based on the analysis in this paper in-
clude: 

-  The frequently employed linear relation between 
the AEV and void ratio or plastic strain is con-
cordant with AEV estimates from PSD data 

-  The limitations of a log-linear form for the 
SWRC are shown by comparing the implied 
storage function with measured PSDs.  

-  Based on the lognormal distribution of pore 
modes in the PSD, a new function for the poten-
tial SWRC is proposed that is S shaped, but 
which requires only the same number of param-
eters as a log-linear function. 
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