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1 INTRODUCTION 

A chilled mirror hygrometer is a useful tool for rap-
idly determining total suction in a soil sample (e.g., 
Gee et al. 1992, Leong et al. 2003, Agus et al. 
2010). In principle, the chilled mirror device (CMD) 
measures the relative humidity (RH) of pore space 
in a soil sample under thermal equilibrium condi-
tions. The relative humidity is related to the energy 
state, or total suction, of the pore water, and thus, to-
tal suction is obtained from the RH measurement. 
Total suction determined using the CMD depends on 
both the osmotic and matric suction in the sample. It 
is important to determine the matric and osmotic 
components of total suction, since these effect soil 
mechanical behavior differently (e.g. Fredlund and 
Rahardjo 1993). Research presented in this paper is 
part of a broader project to develop an efficient 
method for estimating osmotic suction is field sam-
ples using the CMD and other RH sensing devices. 
This will allow for the rapid determination of all 
three components of suction.   

2 THEORY BEHIND THE PROPOSED 
METHOD 

2.1 Total suction 

The relative humidity (RH) in soil pores can be re-
lated to the total suction, as given by Eq. 1. 

 
           (1) 

where: y = total suction, R = universal (molar) gas 

constant, T = absolute temperature (K), uwo = specif-

ic volume of water, wu = molecular mass of water 

vapor, RH = relative humidity of the pore air. 
The RH is affected by both the osmotic and matric 

potential and thus, total suction determined via Eq. 1 
can be expressed as Eq. 2. 

 

y = p + (ua-uw)               (2) 

where: p = osmotic suction, ua-uw = matric suction, 

ua = pore air pressure, and uw = pore water pressure. 

2.2 Osmotic suction 

Salt in soil pore water reduces the partial pressure of 
the water vapor in the pore air space, thus reducing 
the energy state as reflected by the RH and CMD 
measurement. The energy state of the pore water re-
lated to the presence of a salt is represented by the 
osmotic suction and can be calculated using theoret-
ical relationships with molality of the salt water. The 
theoretical equations are relatively involved and so 
are not presented in their entirety here; however, the 
basic functional relationship is given in Eq. 3. 
 

       (3) 
 

where: f = osmotic coefficient, n = number of ions 

from one molecule of salt, m = molality of solution 

(moles solute/1000 g solvent), D = the dielectric 

constant of the solvent, d0 = the density of solvent 
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ABSTRACT: A novel method for estimating the osmotic suction of an unsaturated soil sample using a chilled 
mirror hygrometer is presented in this paper. After measuring the total suction with the chilled mirror device 
(CMD) and gravimetric moisture content, the sample is mixed with pure water to achieve a saturated state 
and eliminate matric suction. Field osmotic suction is predicted by using relationships between moisture con-
tent, molality of the pore water and osmotic suction. Data and analysis presented in this paper demonstrate 
the validity of these relationships and the proposed method. The method is limited to soils containing a cer-
tain range of salt concentration (or molality); the upper limit of this range is the solubility limit of the pore 
fluid and the lower limit depends on the accuracy of the CMD. 

( )RHln
RT

wo u
wu

-=y



(Harned and Owen, 1958), and A1, A2, A3 and A4 

are adjustable parameters based on Lang (1967). The 

relationship between osmotic suction and molality 

using Eq. 3 is essentially linear such that, 

 

                  (4) 

 
where: C = constant depending on the salt contained 
in the pore fluid and other parameters in Eq. 3. Con-
stant C can be obtained by making CMD measure-
ments on pure salt water solutions having different 
molality. Further, results of CMD measurements on 
saturated soil samples having pore fluid of known 
molality indicate that the presence of soil has little 
influence on the determination of the constant C. In 
other words, total suction measurement from a CMD 
for a saturated soil can be assumed equal to the os-
motic suction. This is shown in Fig. 1 where CMD 
measurements on three different soils mixed with 
salt (NaCl) water at different molality are compared 
to CMD measurements on only salt water. 
 
 
 
 
 
 
 
 
 
 
Figure 1. Osmotic suction measurement using a Chilled Mir-

ror Device (CMD) on pure salt (NaCl) water, and salt water 

mixed with different saturated soils.  
 
The solid line in Fig. 1 represents the theoretical re-
lationship between molality and osmotic suction for 
the pure salt solution while the dashed lines repre-
sent the trends lines for the CMD measurements. 
The average slope, C in Eq. 4 is 5.5 MPa/(mol/kg). 
This slope C is primarily a function of the salt type 
and temperature. 

For a given salt type, the slope C is essentially 
constant for saturated soils and independent of soil 
type. This is an important observation in that it 
shows that the osmotic suction for a saturated soil 
can be reliably determined by direct measurement 
with the CMD. This observation is exploited in the 
method developed for estimating osmotic suction in 
unsaturated soils. 

2.3 Relationship between soil water content and 
molality 

If all of the salt in a soil is dissolved in the pore wa-
ter then the molality of the aqueous solution depends 
on the amount of salt and pore water present in the 
soil. Thus, the molality, m, can be related to the soil 
water content through the following equations:  

 
              

 
 
               (5) 

 
where: mol = moles of salt in a soil sample, mw = 
mass of water in a soil sample, w = gravimetric wa-
ter content, and ms = mass of solids in a soil sample. 
It is noted that the right hand side of Eq. 5 is con-
stant for a given soil sample. This observation is 
used in the formulation for determining osmotic suc-
tion in an unsaturated soil sample using the CMD.  

3 PROPOSED METHOD FOR DETERMINING 
OSMOTIC SUCTION WITH A CMD 

Noting that the right hand side of Eq. 5 is constant 
for a given soil sample, the moisture content and 
molality for different amounts of water in the sam-
ple are related as in Eq. 6. 
 

           (6) 
 
where mi is the molality corresponding to water con-
tent wi. Combining Eq. 4 and Eq. 6 and noting the 
constant C drops out gives, 
 

            (7) 
 
where pi is the osmotic suction corresponding to wa-
ter content wi. Equation 7 is the basis for determin-
ing osmotic suction in an unsaturated soil sample us-
ing the CMD.  
 To determine the osmotic suction is an unsaturat-
ed soil sample using Eq. 7 and the CMD requires the 
following steps. 1) A gravimetric water content (wu) 
determination is made for the unsaturated sample. 2) 
The unsaturated sample is mixed with pure (deion-
ized) water to bring it to a saturated state. 3) The 
CMD is used to measure the suction at the saturated 
state and a companion water content (ws) determina-
tion is made. Based on previous discussion and ob-
servations in Fig. 1, it is assumed that the suction 
measurement on the saturated sample represents the 
osmotic suction in the saturated sample (ps). 4) The 
osmotic suction in the unsaturated sample (pu) is 
calculated using Eq. 7, as shown in Eq. 8. 

 
                (8) 

 
If a total suction measurement is obtained with the 
CMD on the unsaturated sample, as is typical, the 
matric suction in the unsaturated sample can also be 
determined using Eq. 2.  
 There are limitations that must be considered in 
using this method. First, it is assumed that all of the 
salt is dissolved in the pore water. If the salt concen-
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tration is above the solubility limit then some salt 
may exist in the soil as a solid precipitate and thus, 
the relationship between pore water molality and 
soil water content is not valid. The solubility limit 
for NaCl in water in terms of molality is about 6.1 
mol/kg at 25oC, which corresponds to an osmotic 
suction of about 35 MPa. However, this amount of 
salt is about ten times the concentration of ocean 
water and would only occur in certain environments. 
 The second limitation of the proposed method is 
associated with the accuracy of the CMD device. A 
chilled mirror device is typically recommended for 
suction measurements above about 500 to 1 MPa. 
Thus, the proposed method using the CMD is espe-
cially applicable to soils having a significant osmot-
ic component. Note, however, the proposed method 
can be used with any relative humidity sensing de-
vice. As these hygrometric measurement techniques 
improve with advances in technology, the accuracy 
of results from the proposed method will also im-
prove. 

4 APPLICATION AND EXPERIMENTAL 
VALIDATION OF THE METHOD 

 
To explore the validity and limitations of the pro-
posed method, a series of experiments were con-
ducted using manufactured samples of unsaturated 
kaolinite clay mixed with salt (NaCl) water of 
known molality. Three unsaturated samples were 
prepared to a target dry density and gravimetric 
moisture content of 1.53 g/cm3 and 25.1%, respec-
tively. Each sample was mixed with water having a 
known but different molal concentration of NaCl 
corresponding to an osmotic suction of 0.30, 1.20, 
and 7.10 MPa. In this research, a chilled mirror de-
vice known as the WP4 Dew Point Potentiameter 
purchased from Decagon Devices, Inc. was utilized 
for suction measurements. The manufacturer reports 
a measurement accuracy of ±0.1 MPa (±100 kPa) 
for a suction range of 0 to 10 MPa, and 1% from 10 
to 300 MPa. 
 Once the samples were prepared, the method out-
lined in Section 3 above was used to estimate the 
osmotic suction as well as the matric suction based 
on the initial total suction measurements. In addi-
tion, each of the unsaturated samples was mixed to 
increasingly higher saturated water contents and five 
repeat measurements were made of osmotic suction 
using the CMD for each water content. Then, the 
osmotic suction in the unsaturated sample was esti-
mated for each measurement at each water content 
using Eq. 8.  
 The results of this exercise are shown in Fig. 2. 
From top to bottom in Fig. 2 the three graphs depict 
results for target osmotic suctions of 0.30, 1.20 and 
7.10 MPa. The solid symbols represent the predicted 
osmotic suction using Eq. 8 for each water content, 

the solid line represents the average of all the predic-
tions and the dashed line represents the calculated 
osmotic suction based on the molality of the pore 
water solutions and change in soil water content. 
This calculated osmotic suction is considered the 
“true” value for this exercise. As shown in Fig. 2, 
while there is scatter among the predictions based on 
individual CMD measurements, the average of the 
predictions closely matches the calculated osmotic 
suction based on molality. Further, the coefficient of 
variation (CV) in predictions decreases with increas-
ing target suction, although the variation of individ-
ual predictions about the average line, or standard 
deviation (Stdev), is relatively consistent at each 
target suction. The coefficient of variation decreases 
because the magnitude of the mean is increasing. 
This observation emphasizes the importance of the 
CMD accuracy when suction measurements are rela-
tively low. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Predictions of osmotic suction for three different 

samples prepared with three different known molal concentra-

tions of salt water. 
 
 Using the average predicted osmotic suctions for 
each of the three unsaturated specimens shown in 
Fig. 2, the matric suctions were estimated based on 
the initial total suction measurements. Results of this 
exercise are shown in Table 1. As shown in Table 1, 
average of the predicted osmotic suction in the un-
saturated samples is reasonably good but the percent 
difference between the calculated and predicted val-
ues decreases with increasing magnitude of suction. 
Likewise, for this series of experiments, the percent 
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difference between the predicted and calculated ma-
tric suction is sensitive to the magnitude of the ma-
tric suction in the soil. For this soil, which had an in-
itial matric suction of less than 0.3 MPa, the percent 
difference between the calculated and predicted ma-
tric suction was greatest for the highest target osmot-
ic suction. Results of this exercise show that accu-
rate determination of both osmotic and matric 
suction is more sensitive to the device accuracy 
when the suction being predicted is small. 

 
 Table 1. Results of prediction exercise. 

Measured y (MPa) 0.53 1.48 7.26 

Calculated p (MPa) 0.30 1.20 7.10 

Predicted p (MPa) 0.33 1.21 7.02 

% Difference p (MPa) 10.0 0.4 1.1 

Calculated ua-uw (MPa) 0.23 0.28 0.16 

Predicted ua-uw (MPa) 0.20 0.28 0.24 

% Difference ua-uw (MPa) 13.0 1.8 50.0 

5  DISCUSSION 

The chilled mirror hygrometer has become a com-
mon tool for determining soil suction and increas-
ingly is used for measuring suction in unsaturated 
samples obtained from the field or for laboratory de-
terminations of soil water characteristic curves. The 
device determines the total suction in a sample based 
on RH measurements of the pore air. When total 
suction is high relative to the osmotic suction, it is 
reasonable to use total suction in lieu of matric suc-
tion in many engineering analyses. However, when 
osmotic suctions are relatively high, the total suction 
is a poor substitute for matric suction in describing 
mechanical behavior (i.e., Malusis et al. 2003, Mil-
ler and Nelson 2006, Rao et al. 2006). While the 
chilled mirror device is a great tool in that it can be 
used to rapidly measure total suction, care must be 
exercised in cases where the suction measurements 
are near the accuracy limit of the device or when 
there is a significant solute concentration in the pore 
water leading to high measurements of suction due 
to the osmotic component. While the method de-
scribed in this paper is limited by the CMD accura-
cy, it provides a simple yet powerful means of at 
least assessing whether the osmotic component is 
substantial, and where it is substantial it provides a 
reasonable prediction of the osmotic suction. This 
novel and simple method greatly extends the useful-
ness of the CMD. 

6   CONCLUSIONS 

A novel method for predicting osmotic suction in an 
unsaturated soil using a chilled mirror device 

(CMD) was developed and evaluated using a series 
of measurements on three manufactured unsaturated 
kaolinite samples. Each sample was mixed with salt 
water (NaCl) having a different molality, and there-
fore different osmotic suction. Suction measure-
ments were conducted in a laboratory using a Deca-
gon WP4 Dew Point Potentiameter. Following are 
some preliminary conclusions from this work.  
1) Experimental observations, presented in this pa-
per, show that osmotic suction measurements on 
saturated samples of soil accurately reflect the os-
motic suction of a pure salt solution at the same mo-
lality. 
2) By mixing an unsaturated soil sample to a satu-
rated state in the laboratory and measuring the grav-
imetric water content and osmotic suction in the sat-
urated state, it is possible to determine osmotic 
suction in the unsaturated state as long as the gravi-
metric water content for the unsaturated state is also 
known. 
3) Predictions of osmotic suction using the proposed 
method are limited by the device accuracy at the low 
end of the suction measurement range and solubility 
limit of the pore water solution at the high end of the 
suction measurement range. For NaCl, addressed in 
this paper, the solubility limit corresponds to an os-
motic suction of 35 MPa. The proposed method per-
formed well for predicting osmotic suction over a 
suction range of 0.3 to 7.1 MPa. 
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