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Abstract 

   The Soil-Water Characteristic Curve (SWCC) is a fundamental concept in soil 

mechanics and geotechnical engineering. It defines the relationship between soil suction 

and water content and provides valuable insight into the hydraulic behavior of soils. 

Accurate determination of the SWCC is crucial for various geotechnical applications, 

such as slope stability analysis, foundation design, and groundwater flow modeling. 

This paper highlights some different methods used to determine the SWCC, including 

laboratory tests like the axis translation, filter paper method, osmosic technique, 

tensiometer, vapor technique, and some estimating methods. Technological 

advancements have greatly enhanced the accuracy and efficiency of SWCC 

measurements, leading to improved decision-making in geotechnical projects. 
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1. Introduction  

   The presence of matric suction in unsaturated soils is one of the major causes of variations in 

the behavior of saturated and unsaturated soils. Understanding the behavior of unsaturated soils 

requires investigating the matric suction present in these soils. On the other hand, the matric 

suction in these soils is dependent on the soil moisture content. Among them, the soil-water 

characteristic curve establishes a suitable relationship between the matric suction present in 

unsaturated soils and the moisture content, which provides a way to explain the variations in 

matric suction in these soils. 

   Most geotechnical engineering problems involve an unsaturated soil region. Conventional 

behavioral analyses do not consider this soil region due to a lack of understanding and the 

relative importance of geotechnical issues. Many structures, such as piles, tunnels, pavements, 

soil slopes, retaining walls, and landfill liners, are often constructed in contact with unsaturated 

soil and are influenced by moisture changes. Moisture variations can significantly affect the 

mechanical behavior of soil. A large number of soil collapse incidents have been reported in all 

over the world after rainfall. Therefore, considerable attention has been paid to the residual 

volume change of unsaturated soil due to suction changes (or moisture content). Changes in the 

water content of unsaturated soils are shown in a graph illustrating the relationship between soil 

water content and suction, known as the soil-water characteristic curve (SWCC). There is a 

significant difference between the curves in the drying phase (increasing matric suction) and 

wetting phase (decreasing matric suction). This difference is due to a phenomenon called 

hydraulic hysteresis, which plays a crucial role in controlling soil properties such as shear 

strength, volumetric changes, and settlement [1, 2 ,3, 4, 5, 6, 7]. 

   In this article, initially, the effect of hysteresis is discussed, and then some laboratory methods 

for obtaining the soil-water characteristic curve (SWCC) are presented, along with some 

estimation methods proposed by researchers.  

Table 1: summry of commn laboratory techniques for measuring and controling soil suction 
Suction 

range(Mpa) 

Measure suction 

from/controlsuction with 

Suction 

component technique 

0-0.1 Nagative pore-water pressure Matric tensiometer 
measure 

suction 
0.1-30 Water content of paper Matric/total Filter paper 

3—100 Salt suction total 
Vapour 

equilibrium 

control 

suction .01-1.5 Air pressure Matric 
Axial 

translation 

0-1 Osmotic pressure Matric osmotic 



 

   2. hysteresis 

   Soil suction is composed of two components, matric suction which includes capillary suction 

and osmotic suction (or salt suction). SWCC relates matric and/or total suction to volumetric 

water content or degree of saturation. A comprehensive description of the testing techniques 

commonly used for measuring or controlling soil suction can be found in many sources [8, 9, 

10, 11, 12, 13, 14]. The best technique for determining SWCC depends on the intended 

application, available human and financial resources, and the magnitude of suctions that need 

to be induced. Table 1 summarizes the working principles and application ranges of these 

techniques. 

 
Figure 1 : Schematic of SWCC hysteresis 

 

 

3.Tensiometer 

3.1. Evolution of the Tensiometer 

   Sometimes in literature, users record pressures below -100 kpa using a tensiometer, but until  

the work of [15] was published, the geotechnical community was unaware of the possibility of 

creating a tensiometer that could reliably measure negative water pressures, up to -1500 kpa. 

This work created a new class of tensiometer called the High Capacity Tensiometer (HCT), 

which uses high-value ceramic entry pressures (0.3, 0.55, 1.5 Mpa) and is designed to allow 

access to the water reservoir of the device the actual tensile pressures. 

  The design of HCT [15] and subsequent designs were developed to delay cavitation 

inhomogeneity in the water present in these devices. This includes minimizing the volume and 

surface area of the internal water reservoir to reduce the potential number of nucleation sites, 

aiming to statistically decrease the probability of experiencing unpredicted tensile failures[15]. 

A second modification introduced by [16] involves the elimination of any materials that serve 

as good sources for nucleation sites, such as O-rings and elastomers, from the design of the 

tensiometer. The influence of elastomers on the behavior of HCTs has been demonstrated by 

[17]. In the initial version of the developed tensiometer at the University of Cambridge by [17], 



 

an elastomer was used in the design to isolate the pressure sensor from external stresses. Despite 

measuring stresses exceeding 100 kpa, these initial samples showed a wide range of maximum 

measurable suction pressures from 270 kpa to 480 kpa. When the elastomer was removed from 

the sensor design, nucleation only occurred at stresses higher than the nominal input air 

pressure. This change in maximum attainable suction pressure has also been reported in the 

observations of [18], where an O-ring was also used in the design. 

3.2. Drawback of the Tensiometer 

Unlike measuring positive pore water pressure, measuring negative water pressure has unique 

challenges, especially in interpreting suction data and in long-term measurement of soil suction. 

When measuring suctions using tensiometers, it is not always clear if the tensiometer has 

stopped registering the actual suction value. In fact, it has been argued that the biggest challenge 

associated with tensiometer measurements is discerning a good measurement from a bad 

measurement [19]. This challenge has been precisely demonstrated by [17, 20]. The second 

major challenge that current soil suction measurements face is their ability to obtain relevant 

long-term measurements. Although the pressurization process can reduce the amount of trapped 

gas in cracks, it can never completely eliminate it. It has been previously noted that the 

desorption process can slowly lead to bubble growth in the long term. Therefore, the 

stabilization resulting from the pressurization process must be considered temporary - the 

retained water in the reservoir is unstable and all tensiometers will eventually experience 

nucleation. However, there is currently no empirical data to predict how long a tensiometer can 

remain active in high suctions. 

3. Axis translation 

The axial translation technique is the most commonly used technique for suction control. Early 

developments of this technique began with the pressure plate outlet technique ([21],[22]). The 

axial translation technique is associated with a matrix suction component, in which the water 

potential is controlled using liquid phase transport through a saturated interface—typically a 

saturated high-entrainment value (HAEV) ceramic disc or a cellulose acetate membrane. 

Permeable to soluble salts This method involves transferring the reference pore air pressure 

through artificially increasing the atmospheric pressure in which the soil is immersed. 

Consequently, if the incompressibility of soil and water particles is assumed that is, if the 

curvature of the menisci is not strongly affected the negative pore water pressure increases by 

an equal amount. Converting the pore water pressure to the positive range allows its 

measurement [23] and thus its control if the water pressure is adjusted through a saturated 

interface in contact with the sample. This technique has been experimentally evaluated by [24] 

and by [25], with soils with continuous air phase and degree of saturation varying between 0.76 

and 0.95. 

 

 3.1.Range of axis translation technique 

The range of the axis translation technique for measuring or controlling matric suction is limited 

by two factors [23]: the maximum air pressure that can be applied to the system and the amount 

of air input into the ceramic filter. In practice, the maximum measurable suction using the axis 



 

translation technique is entirely dependent on the input value of ceramic air, as the highest air 

input value in currently available ceramics is approximately 1500 kpa. 

3.2. Drawback of axis translation technique 

 3.2.1. Equilibrium Time 

 

   The matric suction translation technique does not provide immediate results when used for 

applying matric suction. Even in the absence of soil, it takes a few minutes for a ceramic filter 

to reach equilibrium with changing air pressure, provided that the amount of free water above 

the ceramic disk is low [26]. When a soil specimen is added to the system, the equilibrium time 

increases due to the size and permeability of the soil sample. ASTM D-6836-02 standard 

specifies that the equilibrium time should be controlled based on the suction level and states 

that a system is considered in equilibrium if it does not discharge water for at least 24 hours for 

suctions less than 500 kpa. For suctions between 500 and 1000 kpa, this time should be 48 

hours, and for suctions exceeding 1000 kpa, water should not be discharged for at least 96 hours. 

Many researchers have considered the behavior of equilibrium time, some reported that 

equilibrium was not achieved [27], while others reported that equilibrium was reached [28]. A 

closer look at the data in these articles shows that the conditions set by ASTM D-6836 were not 

fulfilled. Therefore, one of the challenges associated with the matric suction translation 

technique is the potentially long equilibrium time for each applied suction. 

 

3.2.2. Moisture Loss Through system 

The most visual way to apply high air pressure needed for the axial translation technique is to 

use compressed air. However, this can lead to hidden consequences of completely wrong 

measurements in low suctions. If a suction of 50 kpa is to be applied to a soil sample, the 

equivalent relative humidity should be 99.96%. In the case of output air from the compressor 

with a relative humidity of 99.7% (which is excessive and feasible), the equivalent suction 

should be about 400 kpa. This difference destabilizes the system because equilibrium is never 

achieved. In order to minimize this effect, a closed system may be adopted using nitrogen. The 

numerical analysis of the effect of moisture loss through compressed air lines was performed 

by [29]. 

3.2.3. Air Diffusion 

 

Long-term equilibrium times are associated with the axis translation technique off-gassing 

experiments, particularly susceptible to air release processes [30] suggest that experiments 

lasting more than one day (without reaching equilibrium) experience air release. As mentioned 

earlier, if there is a bubble in the water tank, the measured volume changes become 

insignificant. 

 



 

4.Osmotic technique 

  In the osmotic technique [31], a sample is placed in contact with a semipermeable membrane 

(permeable to water), while an aqueous solution containing large-sized polyethylene glycol 

(PEG) molecules circulates behind the membrane. PEG molecules cannot pass through the 

membrane, and as a result, osmotic suction is applied to the sample through the membrane. Due 

to the membrane's permeability to salt dissolved in water, the osmotic technique controls the 

suction of the matrix, similar to the translation technique. The amount of applied suction 

depends on the concentration of the solution; the higher the concentration, the greater the 

suction. The relationship between suction/concentration will be discussed in more detail later. 

4.1. Advantage and drawbak of osmotic technique 

   In comparison to the axis translation approach, the osmotic technique offers the advantage of 

accurately reproducing the conditions of water uptake in real situations without the need for 

artificially applied air pressure. It is believed that this advantage is particularly significant in 

high saturation degrees, where the continuous flow of air is hindered by the presence of air 

bubbles, and potential artifacts created by the application of air pressure cannot be guaranteed. 

   The technological advantage of the osmotic method is that there is no need for the application 

of air pressure (thus no issue of air release). High suction pressures can easily be applied using 

high-concentration PEG solutions. It has been demonstrated that the upper limit of this 

technique can be increased to about 10 Mpa [32], and a controlled pressure gauge test with 

osmotic suction at 8.5 Mpa has been presented by [33]. This extension to high suction is 

apparently simpler than using the centrifugation technique [34]. 

   The main problem with the osmotic method for sensitivity to attacks on cellulose acetate 

membranes is that it has been the most widely used method. When a semi-permeable membrane 

fails, PEG solution can infiltrate the sample and the suction is no longer controlled. It appears 

that this problem is more serious when applying higher suction along the wetting paths (reduced 

suction), as observed by [35]. 

 

5.Vapour control technique 

   The vapor equilibrium technique with relative humidity control is implemented in a closed 

system. The water potential of the soil is controlled by the migration of water molecules through 

the vapor phase from a reference system with a known potential to the soil pores until 

equilibrium is achieved. The thermodynamic relationship between the total suction of the soil 

moisture and the relative humidity of the reference system is provided by the psychrometric 

law [24]. The relative humidity of the reference system can be controlled by changing the 

chemical potential of different types of aqueous solutions ([36],[37]). 

   Hydrometric cells were installed inside a chamber with relative humidity control by[38], [39], 

[40]. The main issue with this experimental setup is the long time it takes to reach moisture 

equilibrium because vapor transfer is diffusion-dependent. In order to expedite the process, 



 

vapor transfer - either through the specimen or along specimen boundaries - can be facilitated 

by a convection circuit driven by an air pump ([41], [42], [43],[44], [45],[46]. 

6. Filter paper method 

   The paper tension method has been used in soil science and engineering for a long time ([47], 

[48], [49], [50], [51], [52],[53]). Recently, due to its advantages compared to other suction 

measurement devices, such as affordability and coverage of a wide range of soil suctions, it has 

been accepted as a compatible test method for measuring soil suction. Essentially, the paper 

tension method reaches equilibrium with the soil either through vapor flow (total suction 

measurement) or liquid (matric suction measurement). At equilibrium, the amount of suction in 

the paper and soil will be equal. After achieving equilibrium between the paper and soil, the 

amount of water in the paper disc is measured. Then, using the moisture content of the filter 

paper against the calibration curve of suction, the corresponding suction value is obtained from 

the curve. This fundamental approach is proposed by the standard test method ASTM D 5298 

[54] for measuring soil suction using filter paper. In other words, ASTM D 5298 [54] uses a 

single calibration curve that is used to deduce total and matric suction measurements. The 

ASTM D 5298 [54] calibration curve is a combination of wetting and drying curves. However, 

researchers have shown that the wetting and drying calibration curves do not correlate, 

observations that have also been made by [55].  

6. Estimating methods 

Estimating methods for determining the soil water characteristic curve can be classified into 

three categories. Each of these estimation methods has its advantages and limitations, and the 

choice of method depends on the available data, the desired level of accuracy, and the specific 

objectives of the study Below, we will discuss some of the models proposed by researchers so 

far. 

Group 1: 

   In this group, the prediction of humidity percentage in the desired soil is carried out based on 

statistical methods. The basis of the work in this group is as follows: firstly, the relationship 

between the percentage of humidity in the sample and the percentage of the constituent particles 

(such as clay, silt, and sand) is established. Additionally, some soil properties such as apparent 

density are presented. Then, regression is utilized to determine the coefficients of this 

relationship in different soils, and the existing data is used for analysis. Some of these 

relationships are presented in table 2. 

 

 

 

 



 

Table 2: summary of common estimating methods about group 1 

 

Group 2: 

   In this group, in the first stage, the model suggested coefficients are determined by fitting the 

proposed model to the experimental data. In the second stage, for predicting the soil water 

characteristic curve, one of the regression methods is used to determine the model coefficients 

for the desired sample using the information from the previous stage. In the last stage, for the 

given suction, the volumetric moisture content of the sample is determined using the model 

coefficients determined in the second stage. Some of these relationships are presented in the 

table 3. 

Table 3: summry of commn estimating methods about group 2 

 

 

guide Formula researchers 
Om=  Mass percent of 

organic matter 

Dbd= Dry bulk density 

of soil 

Θp =The percentage of 

moisture in the suction 

a b c d e= Constant 

coefficients 

𝜃𝑝 = 𝑎∗𝑆𝑎𝑛𝑑(%) + 𝑏∗𝑆𝑖𝑙𝑡(%) + 𝑐∗𝐶𝑙𝑎𝑦(%) + 𝑑∗𝑂𝑚(%)

+ 𝑒∗𝐷𝑏𝑑(
𝑔𝑟

𝑐𝑚3⁄ ) 

Gupta and 

Larson [56 ]  

 

Θp =The percentage of 

moisture in the suction 

a b c d  f e= Constant 

coefficients 

𝜃𝑝 = 𝑎 + 𝑏∗𝑆𝑎𝑛𝑑(%) + 𝑐∗𝑆𝑖𝑙𝑡(%) + 𝑑∗𝐶𝑙𝑎𝑦(%)

+ 𝑒∗𝑂𝑚(%) + 𝑓∗(
𝑀𝑔

𝑚3⁄ ) 

Rawls et 

al [57 ]  

 

Θp =The percentage of 

moisture in the suction 

a b c =  Constant 

coefficients 

 

𝜃𝑝 = 𝑎∗𝑆𝑖𝑙𝑡(%) + 𝑏∗𝐶𝑙𝑎𝑦(%) + 𝑐 

Tomasella 

and 

Houdnet  [58 ]  

 

guide Formula researchers 
Θ The percentage of 

moisture in the suction 

a n= Constant 

coefficients 

ψ amount of suction 

 

𝜃 =
1

1 + 𝑎ψ𝑛
 [22]Gardner  

Θ The percentage of 

moisture in the suction 

ψ amount of suction 

Suction  air entry =ψ𝑏 

𝜃 = (
ψ𝑏

ψ
)λ 

Brooks and 

Corey [59 ]  

 

Θ The percentage of 

moisture in the suction 

a A B= Constant 

coefficients 

ψ amount of suction 

 

𝜃 =
1

1 + 𝐴𝑒𝑥𝑝(𝑎ψ − B)
 

van 

Genuchten [60 ] 



 

Group3: 

   This group, based on physical principles, focuses on establishing a relationship between the   

pore distribution mode and the suction existing in them, which ultimately leads to the 

relationship between the soil moisture content and the soil water suction. Some of the 

relationships in this category are presented in the table 4. 

Table 4: summry of commn estimating methods about group 3 

 

Conclusion 

The unsaturated part of the soil is very important in the water cycle of nature. One of the most 

important indicators that quantitatively describes the characteristics of this sector is the 

characteristic curve of soil water, which is used as basic information in many researches. 

Various methods have been presented by researchers to determine it. In this article, some of the 

most important and practical ones have been reviewed. The choice of the right method depends 

on the user according to the time and accuracy required and the cost. 

guide Formula researchers 

n = porosity 

a=shape factor 

D10=Diameter size of 

seeds  

Cu=uniformity 

coefficient  

ψ suction value 

𝜃 = 𝑛 − [(
ℎ𝑐𝑜

ψ
)

2

+ 1] 𝑒𝑥𝑝 [− (
ℎ𝑐𝑜

ψ
)

2

]

∗ [𝑛 − 1.4 ∗ 10−2 (
ℎ𝑐𝑜

ψ
)

1

6

(𝑛2 − 𝑛3)
1

3(ℎ𝑐𝑜)
1

2] 

ℎ𝑐𝑜 = 7.5 ∗ 10−2 ∗ (
1 − 𝑛

𝑛
) (

𝑎𝑘

𝐷ℎ

)          50 <  (
𝑎𝑘

𝐷ℎ

)

< 25 ∗ 103              

𝐷ℎ = (
10

7 ∗ 𝑙𝑜𝑔𝑐𝑢

+ 1) ∗ 𝐷10 

[61]Kovacs 

Θ=the amount of 

moisture in the case 

suction  

 Ψ= suction value 

 γ= surface tension of 

water  

Ri = average particle 

radius 

 g = gravitational 

acceleration of particles 

pocky ratio 

a=experimental seed 

coefficient between 1.35 

and 1.45  

 ψj=Corresponding mass 

percentage  

𝜃𝑣𝑖
= 𝜌𝑏 ∑(𝑤𝑗𝜌𝑝)𝑒                      𝑖 = 1 2 3 … 𝑛

𝑖

𝑗=1

 

ψ = (2γ cos 𝜃)/(𝜌𝑤𝑔 ∗ 𝑅𝑖 [
4𝑒𝑛𝑖

1−𝑎

6
]

.5

 

𝑛𝑖 = 3 (
𝑤𝑖

𝜌𝑏

) /(4𝜋𝑅𝑖
3) 

Aria and 

Paris [62 ]  
 

Ψ= value suction 

ψr=residual suction 

e=2.71828  

n=constant coefficients 

 Θs= saturation humidity 

Θ=the amount of 

moisture in the case 

suction 

𝜃 = 𝜃𝑠 [
1

𝑙𝑛 [𝑒 + (
ψ

𝑎
)

𝑛

]
]

𝑚

 

𝑐(ψ) = (1 −
ln (1 +

ψ

ψ𝑟
)

ln (1 +
1000000

ψ𝑟
)
 

 

[63] 
Fredland 
and Xing 
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