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1 INTRODUCTION 

Lewis Carrol, in his 1889 book Sylvie & Bruno, pre-
sented a dialogue between Bruno and Mein Herr that 
is a perfect comparison to actual soil behavior in the 
field for in situ testing and laboratory testing. Mein 
Herr asked Bruno, “What do you consider the largest 
map that would be really useful?” Bruno says, “About 
six inches to the mile (15 cm to 1.6 km)”. And Mein 
Herr explains, “…We actually made a map of the 
country, on the scale of a mile to the mile!” This dia-
logue reflects the ingenuity of some who wish to re-
produce nature in a perfect way. This search, though 
unattainable, must be pursued. 

In some engineering disciplines, a model can rep-
resent the actual size of the project, such as a car or 
washing machine. In geotechnical engineering, pro-
jects differ because to-scale prototypes are not typi-
cally generated for evaluating safety and functional-
ity. In this discipline, it is necessary to rely on 
constitutive models that require laboratory and field 
tests to obtain parameters. It is not even necessary to 
emphasise the difficulty of interpreting material be-
haviour and extrapolating it for field situations. In 
other words, translating the nature of materials 
through laboratory and even field tests remains chal-
lenging, and it is more than justifiable to develop new 

ways to obtain more accurate predictions of unsatu-
rated soil behaviour. 

Testing and measuring is a key aspect of most sci-
ences. The importance of measuring and testing most 
likely came to light in commercial trade, where hav-
ing well-defined sizes and weights became necessary. 
William Thomson (Lord Kelvin) in 1883 presented a 
lecture (published in 1889) entitled, “The Practical 
Applications of Electricity” wherein he stated, “I of-
ten say that when you can measure what you are 
speaking about, and express it in numbers, you know 
something about it”. 

Every testing or measuring system requires a unit. 
In this way, an important aspect of a testing or meas-
uring system is the unit that will be used. Any test re-
sults will be associated with a unit of measure to ex-
press, for example, length, mass, time, electric 
current, temperature, or chemical amount. Sensors 
used to obtain the results can be calibrated to infer 
force, pressure and suction, volume and water con-
tent, among others. Electrical units in particular are 
useful in many sensors for translating one phenome-
non into another. 

Considering the speed with which new equipment 
is developed, as with increases in specific problems, 
I do not believe a review of equipment and test meth-
ods would benefit the youngsters, the first focus of 
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this text. For this reason, I tried to identify the funda-
mentals behind the equipment and techniques usually 
used in studies of unsaturated soils so that the con-
cepts can be linked with the use of certain equipment 
and techniques, as presented in the papers described 
at this conference. 

Many concepts were found to be approached 
quickly in the text because of lack of space. I under-
stand that many of these concepts are fundamental for 
understanding the presented studies and also for new 
developments. With the aim of facilitating the trans-
mission of knowledge to students and to those who 
are now embarking on this fascinating subject of un-
saturated soils, I chose to present in this general report 
those concepts I consider to be fundamental and have 
used during my years of studying unsaturated soils. 

It is always good to remember that all the experi-
mental actions used to search for parameters are taken 
so that soil behavior can be better understood, and re-
stricting those to a set of fixed parameters is unac-
ceptable. Constitutive models that seek the best rep-
resentation of soil behavior for a given situation are 
necessary. 

New methods, interpretation approaches and sen-
sors as well as equipment modifications and method-
ology and equipment reviews comprise the focus of 
one section of this year’s conference, and the papers 
presented in this section (see Appendix 1) form an ex-
cellent source of information, describing the current 
status of unsaturated soil mechanics. 

In general, these innovations are associated with 
the need to obtain information about non-conven-
tional materials and/or information that traditional 
equipment does not provide. In addition, tests on un-
saturated materials require time to be performed, spe-
cific skills and sophisticated equipment. This aspect 
is also the fuel for innovation. 

Finally, there remains the need to take the concepts 
of unsaturated soil mechanics to the practice of engi-
neering. To do so, an adequate balance must be found 
between reproducing nature and solving engineering 
problems. 

2 SOME STATISTICS 

2.1 According to country 

In this issue of the UNSAT conference series, the 
topic of new developments and techniques contains 
26 articles by 84 authors. Figure 1 shows how these 
papers are distributed by country and compares this 
with the same from the first UNSAT (1995). The 
number of countries has increased from 15 to 21 over 
that time period. 

The larger number of countries involved in studies 
of unsaturated soils emphasises, in my view, not only 
the specific interest in the subject, but a practical need 
to search for solutions to geotechnical problems in 
each of these countries. 

 
Figure 1. Papers distribution by country for the present edition 
and the first edition of UNSAT conferences. 

2.2 According to searched properties 

Because it was difficult to establish a single aspect of 
equipment and/or test technique addressed in each ar-
ticle, I chose to establish a series of equipment, tech-
niques and properties that I considered most relevant 
across the papers. Figure 2(a) shows the distribution 
of references to equipment and techniques developed, 
used or modified across the papers. In Appendix 2, 
the techniques addressed in each paper are tabulated. 

Among the various types of equipment mentioned, 
TDR (time domain reflectometry) or FDR (frequency 
domain reflectometry), tensiometers and suction sen-
sors (in general) are the most common, followed by 
oedometer test equipment. The silanization technique 
appeared in four papers. A study that deserves to be 
highlighted is the one that seeks to identify the degree 
of saturation in the field by means of travel time to-
mography. 

Figure 2(b) shows the distribution of papers men-
tioning various soil properties. The primary “soil 
property” investigated or obtained was the SWRC, 
followed by degree of saturation and suction. These 
properties are related. In Appendix 3, the soil proper-
ties mentioned in each paper are tabulated. 

3 CONCEPTS ADDRESSED IN THE PAPERS 

The papers presented in this section bring outstanding 
information to this audience. However, I believe that 
presenting some basic definitions not explored in the 
details of the papers (due to lack of space) is justified. 
This information highlights the importance of certain 
basic concepts and should benefit those who want to 
more deeply explore the details of the various studies 
presented. This will also benefit the young people just 
starting in the world of unsaturated soils. 
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Figure 2. Soil properties referred to in the papers. 

3.1 Calibration 

Nowadays, all new equipment and most test methods 
involve transducers requiring calibration. This is be-
cause the measurement (and its unit) that the sensor 
"can" measure must be converted into the unit re-
quired by the researcher. 

All equipment and many techniques use sensors. 
Sensors are devices used to detect and respond to 
physical parameters such as electrical signals, tem-
perature, air humidity, water content etc. A sensor 
“converts” this physical parameter into a signal or a 
different physical parameter being measured. 

Calibration is defined in several ways by the ISA 
(2003): 

 “A test during which known values of a measur-

and are applied to the transducer and the corre-

sponding output reading are recorded under 

specified conditions.” 

 “The capability to adjust the instrument to 

‘zero’ and to set the desired ‘span’.” 

 “The procedure used to adjust the instrument 

for proper response (e.g., zero level, span, 

alarm, and range).” 

 “The determination of the experimental rela-

tionship between the quantity being measured 

and the output of the device that measures it. 

The quantity measured is obtained through a 

recognized standard of measurement.” 

It may seem unnecessary, but emphasizing certain 
aspects of calibration is important so that the sensors 
to be used are properly understood. The fundamental 
aspect of calibration is to be able to "offer" the correct 
(accurate) quantity so that the sensor can associate 
this with its measurement. 

Electrical sensors that measure matrix suction have 
intrinsic difficulties because generating pressures 
lower than absolute zero or around one atmosphere is 
challenging. In many cases, the sensor is assumed to 
be linear. An alternative is to use an indirect way to 
generate suction (e.g., undrained unload of plastic 
soils, vapour equilibrium using salt or acid solutions 
etc). 

Additionally, the interaction between the sensor 
and the soil pore water, considering the equilibrium 
time (of the sensor and of the inductor system), plays 
a fundamental role in sensor calibration and use. 

3.2 Soil state relationships 

One of the most important relationships in soil me-
chanics is the one among degree of saturation (S), 
void ratio, water content and dry density and density 
of the solids in the soil. 𝑆𝑒 = 𝜃 𝜌𝑠𝜌𝑑 (1) 

The relationship between the gravimetric water 
content (w) and the volumetric water content () is: 𝑤 = 𝜃 𝜌𝑤𝜌𝑑 (2) 

where, s is the density of the grains; d is the dry 
density of the soil; and w is the water density. 

The weight-volume relationship (e.g., degree of 
saturation, volumetric and gravimetric water content 
and void ratio) in a porous material is generally deter-
mined by simply using scales and calipers. However, 
water content (gravimetric or volumetric) can be ob-
tained using a sensor (e.g., a TDR, FDR, or neutron 
gauge). Each of these operates based on a different 
principle, and all are generally used in situ. Although 
gravimetric moisture content is easily obtained in the 
laboratory, in the field, its determination is not so sim-
ple, and the influences of soil type and the effects of 
contact between soil and sensor are strong. 

Sensors such as TDRs and FDRs are frequently 
used in the field. As demonstrated in some of the pa-
pers presented in this section, calibration must be con-
sidered when using these sensors. The calibration 
curves of most sensors, whether TDRs or not, are af-
fected by many factors. Vieira et al. (2005) showed 
that the density of residual compacted soil affected 
the calibration curve of a TDR. Figure 3 shows the 
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proposed curve and compares it to Topp et al.’s 
(1980) equation. 

 

 
Figure 3. Effect of soil density on the TDR calibration curve. 
 

The equations proposed by Vieira et al. (2005) are 
valid for the residual soil tested when the volumetric 
water content is between 9% and 40%. The equation 
proposed by Vieira et al. is: 𝜃 = 𝑙𝑜𝑔[𝐾𝑎(1−0.7𝜌𝑑+0.133𝜌𝑑2)]𝑙𝑜𝑔(1.09−0.03𝜌𝑑)  (3) 

Vieira et al. (2005) also investigated how the con-
tact the guides with the soil affected the measurement 
of Ka and observed that for the compacted residual 
soil, bad contact can reduce the volumetric water con-
tent by approximately 5%. The best result was ob-
tained when the soil was compacted and the guide 
was within the soil. The same is observed when cali-
brating filter paper. In this case, equilibrium time and 
quality control of the filter paper is also important. 

This highlights the important role of understanding 
the purpose of calibration. 

3.3 Soil water retention curve (SWRC) 

The SWRC is certainly the most widely used tool in 
engineering practice when unsaturated soils are in-
volved. It is linked not only to flow problems, but to 
shear strength and compressibility as well. 

The relationship between the water content of the 
soil, expressed as either volumetric or gravimetric 
water content or degree of saturation and suction elu-
cidates a phenomenology that can be enlightening, 
not only for understanding soil behavior, but also for 
creating constitutive models. It is important to point 
out that the void ratio and its variation also play im-
portant roles in the characterization of water retention 
capacity in porous media. 

Many aspects of the behaviors of porous materials 
can be inferred through the SWRC. Noticeably, the 
retention curve, through its shape, contains character-
istics that reflect the soil’s behavior. 

Not only is accuracy needed when determining the 
SWRC, precision is required as well. The type of suc-
tion measured (total or matrix), sensor calibration and 

how suction is imposed are fundamental. All these as-
pects are well explained in many books and papers 
(e.g., Marinho 2005; Ng & Menzies 2007; Thu et al. 
2007; Barbour 1998; Tripathy et al. 2014; Fredlund et 
al. 2015, among others). 

Many papers in this section refer to the SWRC and 
use it in a number of ways to infer the retention ca-
pacity of the material and its hydraulic aspect and to 
interpret soil shear behavior (see Appendix 1). 

The techniques used to obtain the SWRC are: suc-
tion plate (hanging column), pressure plate (axis 
translation), filter paper method, psychrometric tech-
niques (WP4C), osmotic technique and vapour equi-
librium. Each is used for a certain range of suction 
(see Table 1). An important aspect of all these meth-
ods is equilibrium time, which depends on soil type 
and technique used. 

 
Table 1. Methods for measuring suction and the range of each. 

Method Range of suction 

Suction plate (SP) 0 to 30 kPa1 
Pressure plate(PP) 20 kPa2 to 1500 kPa 
Filter paper(FP) (matrix suction) 0 to 30000 kPa3 

Filter paper (FP) (total suction) 500 kPa4 to 30000 kPa 
Psychrometric techniques(PT) 500 to 106 kPa 
Osmotic technique(OT) 200 kPa to 10MPa 
Vapour equilibrium(VE) 500 to 106 kPa 
1For practicality (the method can measure up to ~70 kPa). 
2Due to the valve sensitivity. 
3Contact effect associated with equilibrium time can reduce this value. 
4A minimum of 100 kPa is possible at lower precision. 

 
Marinho & Oliveira (2006) proposed equilibrium 

times for the filter paper method when used to meas-
ure total suction (see Table 2, which contains updated 
information). For matrix suction, the recommended 
equilibrium time is a minimum of seven days. 

 
Table 2. Suggested equilibration times for measuring total suc-
tion using the filter paper method. 

Total suction range (kPa) Equilibrium time 

0 - 100 Not recommended 
100 - 500 30 days 
500 - 1000 15 days 

1000 - 30,000 7 days 

 

It is never excessive to emphasise that in view of 
the equilibrium time specified, there is only one cali-
bration curve for the filter paper method, whether 
measuring total or matrix suction. 

Again, it is important to consider the purpose of the 
calibration curve. It can be obtained under various 
conditions; therefore, the sensor must be used in 
measurement as it was when calibrated, accounting 
for equilibrium time, contact, power, sensor variabil-
ity etc. 

3.4 Relative humidity and suction measurement 

One of the most interesting relationships used in un-
saturated soil studies is between relative humidity in 
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the air and suction. This relationship allows the deter-
mination and imposition of suction in several tests. 
The equation used to obtain the suction, induced in a 
porous material, when the relative humidity is im-
posed, is: 𝑆𝑢𝑐𝑡𝑖𝑜𝑛 = − 𝜌𝑤�̅�𝑇𝑀 𝑙𝑛(𝑅𝐻) (4) 

where w is the density of water at 20oC (998 kg/cm3); 
M is the molecular mass of water vapour (18.011 
kg/mol); and �̅�  is the universal gas constant 
(8.31432 J/mol-K. This equation represents the total 
suction above a free surface (flat) of pure water. At 
20oC, this expression becomes: 𝑠𝑢𝑐𝑡𝑖𝑜𝑛 − 135055 𝑙𝑛(𝑅𝐻) (5) 

By air drying a soil specimen, one point of the 
SWRC can be easily obtained when relative humidity 
is known. 

It is important to understand the link between the 
curve given by Equation (3), the SWRC and the meth-
ods used to obtain the SWRC. 

 

 
Figure 4. (a) The relationship between relative humidity and suc-
tion, and the range for each measuring technique. (b) Relation-
ship between degree of saturation and suction with the SWRC 
of soils. 

 
Figure 4(a) shows the relationship between relative 

humidity and suction based on Equation (3) and 
shows the range of suction found with certain tech-
niques used for measuring or imposing suction. With 
this in mind, psychrometric techniques (PT) or va-
pour equilibrium (VE might not work well when the 
range of suction is low. Use of those techniques at low 
suction could present difficulties related to thermody-
namic aspects in regions of high relative humidity. 

This does not mean that new technologies cannot 
overcome this challenge. This limitation is main-
tained, however, when a filter paper is used to meas-
ure total suction (> 500 kPa). 

Figure 4(b) shows the curve obtained from Equa-
tion (5) and the schematic curves representing the 
SWRC of sand, silt and clay. Methods associated with 
relative humidity might not be applicable for sand and 
even silts, unless for very high suctions. 

3.5 Degree of saturation 

The degree of saturation cannot be measured directly 
and requires determination of the water content and 
void ratio. Determining the saturation conditions of a 
soil is very important for understanding certain as-
pects of soil behavior such as liquefaction suscepti-
bility. Sheng et al. (2011) emphasised the importance 
of degree of saturation when interpreting shear behav-
iors in soils. Marinho & Chandler (1994) discussed 
the relationship between degree of saturation and suc-
tion during drying tests. Figure 5 shows the drying 
curve for nine specimens of statically-compacted 
London clay, showing lines of iso-void ratio and the 
general air entry (GAE) boundary, defining the GAE 
limit for each drying curve. This plot emphasises the 
importance of analysing the SWRC linked to the vol-
ume change in a soil. After the GAE point, the speci-
men approximately follows a constant volume path. 

 

 
Figure 5. Curves of the iso-void ratio and the relationship be-
tween degree of saturation and suction. 

 
The air-dry condition of each specimen is indicated 

by the final void ratio reached (suction obtained using 
relative humidity via Equation (5)). The void ratio at 
the air-dry state changes according to the initial con-
dition of the specimen. 

Even though the drying curve is usually obtained 
without external load, keep in mind that loading can 
affect the degree of saturation, and consequently, suc-
tion. The change in degree of saturation from loading 
can affect the interpretation of a shear test performed 
using the constant water content approach. One of the 
papers presented in this section (see Appendix 1) 
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clearly shows the effect of loading and how to inter-
pret the results. 

3.6 Shear strength 

Shear strength is likely the easier concept applied to 
unsaturated soils in engineering practice. This might 
be because of the apparent simplicity of using limit 
equilibrium software along with parameters collected 
from the literature. This dangerous means of applying 
unsaturated soil mechanics concepts ignores the inti-
mate connections that water retention and suction 
profile have with general soil behavior. Establishing 
possible suction profiles and determining parameters 
such as b are fundamental for responsibly applying 
the concepts. 

The shear strength equation for unsaturated soil can 
be presented in many ways. The most common are: 𝜏 = 𝑐′ + (𝜎 − 𝑢𝑎)𝑡𝑎𝑛𝜙′ + 𝜒(𝑢𝑎 − 𝑢𝑤)𝑡𝑎𝑛𝜙′  (6) 

and 𝜏 = 𝑐′ + (𝜎 − 𝑢𝑎)𝑡𝑎𝑛𝜙′ + (𝑢𝑎 − 𝑢𝑤)𝑡𝑎𝑛𝜙𝑏
 (7) 

where c’ is the effective cohesion; ’ is the effective 
friction angle associated with net stress ( – ua); b is 
the friction angle associated with a change in suction 
(ua – uw) and χ is the Bishop´s parameter linked to 
band ’. Total cohesion is: 𝑐 = 𝑐′ + (𝑢𝑎 − 𝑢𝑤)𝑡𝑎𝑛𝜙𝑏

 (8) 

It is relatively common to find practitioner engi-
neers requesting essays on "natural water content". 
The projects executed with these parameters find rel-
ative success, but without proper interpretation of the 
problem. 

Let us make a link between the SWRC and some 
aspects of the shear strength of soils. This connection 
will not lead us to models, which are very useful, but 
should lead to the consolidation of concepts. 

The first aspect to be considered, which is related 
to one of the articles presented at congress (Article 2; 
see Appendix 1), is the effect of loading and shearing 
on suction in tests performed under constant water 
content. 

Marinho and Vilcanqui (2013) presented test data 
obtained on compacted residual soil of gneiss using a 
mini-vane, and suction measurements were made dur-
ing the test using a high-capacity tensiometer. The 
tests were performed under constant water content. 
Figure 6 shows the relationship between initial suc-
tion and suction at failure. The suction at failure was 
practically the same as the initial suction for this kind 
of test. 

 
Figure 6. Suction measurement using HCT in compacted resid-
ual soil during the vane test. 

 
Using a mini-vane, suction change was found to re-

sult only from the shear imposed by the test. When a 
triaxial test or a shear box test was considered, the 
confining and normal stresses influenced the suction 
(prior shear). Marinho et al. (2016) performed con-
stant water content triaxial tests (CW) using com-
pacted residual soil of gneiss and measured suction 
using a high-capacity tensiometer. 

Figure 7 shows initial suction (before shear) versus 
suction at failure for specimens compacted at three 
initial conditions relative to the compaction curves 
(dry, optimum and wet) and using four different con-
ditions for confining pressure (0 kPa, 50 kPa, 100 kPa 
and 300 kPa). Clearly, when suction was lower than 
100 kPa, suction at failure was reduced when the con-
fining pressure was greater than 100 kPa, regardless 
the compaction condition. The wetter the specimen, 
the greater the effect of the confining pressure on the 
initial suction and as a consequence, on suction at 
failure. Similar behaviors were observed by Oliveira 
et al. (2016) testing the same soil. 

4 FINAL COMMENTS 

Reading the papers presented in this section about 
new equipment and test methods will give the reader 
an excellent overview of the most current practices in 
this area and what is new and advancing. Even when 
an article does not address a specific method, the au-
thors use or refer to methods, equipment and concepts 
that allow the reader to follow along in a smooth way 
the various aspects of the concepts of unsaturated soil 
mechanics. 
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Figure 7. Relationships between initial suction (prior shear) and 
suction at failure under various confining pressures for com-
pacted soil specimens at: (a) dry of optimum, (b) optimum con-
dition, and (c) wet of optimum condition. 
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Authors Country Title of the paper Main topic

1
Saulick, Y; Lourenço, 

S.D.N.; Baudet, B.A. 

Hong Kong / 

United Kingdom 

A comparison of wettability measurements on a 

synthesised water repellent sand
Wettability

2 Bulolo, S; Leong, E.C.  Singapore
Shear strength of compacted residual soils via constant 

water content direct shear tests
Shear Strength

3
 Bicalho, K.V.; 

Gramelich, J.C.; Cui, Y-J.
Brazil / France

Evaluation of TDR measured dielectric constant vs. 

volumetric water content relationships for different soils
Calibration

4
Nakazawa,H.; Takagi, T.; 

Hayashi, H.; Tabata, K.; 
Japan 

Evaluation of in-situ saturation condition for an 

unsaturation method for liquefaction countermeasures
Field saturation

5
Scott, B.T.; Desa, S.A.; 

Kuo, Y.L.; Farries, K.; 
Austrália

The use of moisture probes to infer changes in suction 

due to controlled inundation behind a full scale trial 
Suction in the field

6
Törzs, T.; Grabe, J.; Lu, 

G.; Oeser, M.
Germany

Investigations on the water-retention behaviour of water-

permeable pavement materials based on innovative 
Pavement

7 Morvan, M.; Breul, P.         France Measuring in-situ dry density using Panda penetrometer In situ density

8
Saulick, Y; Lourenço, 

S.D.N.; Baudet, B.A. 

Hong Kong / 

United Kingdom 
Engineering water repellency in granular solids Hydrophobic material

9
Rawat, A.; Baille, W.; 

Schanz, T.; Tripathy S.

Germany / United 

Kingdom

A novel thermo-hydro-mechanical column device for 

testing compacted expansive soils
Collumn Device

10
Cardoso, R.; Cardoso, 

S.; Ilharco, L.
Portugal

Sol-gel relative humidity sensors incorporated in 

oedometer cells for soil suction measurement
Suction Measurement

11
 Kirkham, A.D.; 

Tsiampousi, A.; Potts, 
United Kingdom

Temperature-controlled oedometer testing on 

compacted bentonite
Thermal controll

12
Mantikos, V.; 

Tsiampousi, A.; Standing, 
United Kingdom Swelling behaviour of an expansive clay at high suction Suction control oedometer

13
Karagoly, Y.; Tripath, S.; 

Cleall, P.J.; Mahdi, T.
United Kingdom

Suction measurements by a fixed-matrix porous ceramic 

disc sensor
Sensor evaluation

14
Dias, A.S.; Pirone, M.; 

Urciuoli, G.
France / Italy

Calibration of TDR probes for water content 

measurements in partially saturated pyroclastic slope
Calibration

15
van Paassen, L.A.; 

Tollenaar, R.N.; Jommi, 

USA /Netherlands 

/ Germany

Investigating some irregularities observed during suction 

measurements using the Hyprop device.
Sensor evaluation

16
Mahler, C. F.; Mendez, 

G. P.; Ramos, V. L. F. 
Brazil

Saturation studies of tropical residual soils - special 

laboratory tests
Sensors evaluation

17
Mayor, P.A.; Springman, 

S.M.;  Morales, W.F. 
Swiss / Colombia

Water retention curves of a dyke: in-situ vs laboratory 

determination
In situ test

18
 Kim, B-S.; Takeshita, 

Y.; Kato, S.; Park, S-W.

Japan / South 

Korea

Water Retention Characteristics of Water Repellent Soils 

using Continuous Pressurization Method
Hydrophobic material

19
Koy, C.; Chhun, K.T.; 

Yune, C.Y.
South Korea

Effect of a heat injection on the settlement behavior of 

unsaturated soil
Heat effect

20
Mahler, C.F.; Moura, 

L.L.; Gouveia, P.P. F. 
Brazil Addition of bentonite to a residual soil studies Soil mixture

21
 Banerjee, A.; Patil, U.D.; 

Puppala, A.J.; Hoyos, 
USA / Guam 

Suction-controlled Repeated Load Triaxial Test of 

Subgrade Soil at High Suction State
Pavement

22
Louati, F.; Trabelsi, H.; 

Jamei, M.; Mabrouk, A.

Tunisia / Kingdom 

of Saudi Arabia 

Unsaturated permeability prediction using natural 

evaporation method in cracked clay
Hydraulic conductivity

23 Ghasemi, P.; Khosravi, A. Iran
Variation of Shear Strength of an Unsaturated Silica 

Sand during Drying
Shear Strength

24 Miller, G.A.; Wei, Y. USA / China
Estimating osmotic suction using a chilled mirror 

hygrometer
Osmotic suction

25
Torres-Serra, J.; Romero, 

E.; Rodríguez-Ferran, A.
Spain Hygroscopicity issues in powder and grain technology Hydrophobic material

26
 Moscariello, M.; Cuomo, 

S.; Salager, S.
Italy / France

Wetting test and X-ray Computed Tomography of an 

unsaturated sand Soil collapse



APPENDIX 2: Techniques mentioned in the papers. 
Techniques used No. of Papers 

Axis translation 18; 23 
Bender element 4 
Chilled mirror 10; 24 
Goniometer 1; 8 
Heat 9; 19 
Hyprop 15 
Oedometer 10; 11; 12; 19; 25 
Penetrometer 4; 7 
Shear box test 2; 25 
Silanisation hydrophobicity 1; 8; 18; 25 
Suction plate 6 
Suction sensor 3; 7; 10; 13; 16; 17 
TDR/FDR 3; 5; 9; 14; 16; 17; 20 
Tensiometer 16; 17; 18; 20; 22 
Tomography 4; 26 
Triaxial test 21; 23 
Vapour equlibrium 12; 21; 25 

 
 
APPENDIX 3: Soil properties presented in the papers. 

Soil properties No. of Papers 

Compressibility 10; 11; 25; 26 
Contact angle 8 
Degree of saturation 4; 6; 7; 17; 19; 23 
Density 7 
Dielectric constant 3; 5; 14 
Hydraulic conductivity 11; 15; 20; 22 
Relative humidity 9; 10; 12; 21 
Resilient modulus 1; 21 
Shear strength 2; 21; 23; 25 

Suction 
2; 5; 12; 13; 16; 20; 21; 
23; 24 

SWRC 
5; 6; 7; 12; 13; 14; 15; 
16; 17; 18; 20; 22; 23; 25 

Thermal conductivity 9; 11; 19 
Wave velocity 4 
b 2 

 


