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1 INTRODUCTION 

Soil suction measurement is important for the 
development of constitutive models for unsaturated 
soils used for the prediction of deformations caused 
by wetting or drying, for the study of soil-
atmosphere interaction or for the development of 
tools to model unsaturated flow. There are several 
sensors commercially available that can be used for 
soil suction measurement such as tensiometers 
(Woodburn and Lucas, 1995; Taratino and 
Mongiovi, 2003; Lourenço et al. 2011), 
psychrometers, electrical resistivity probes, magnetic 
sensors and capacitance sensors and frequency 
domain resistivity (FDR) and time domain resistivity 
(TDR) probes (Kizito et al. 2008; Tarantino et al., 
2011). However, the existing sensors cannot be 
incorporated in soil specimens during standard 
laboratory tests mainly due to their large size, low 
operation speed or limited suction measurement 
ranges. 

A popular kind of soil suction sensors are relative 
humidity sensors. Suction, s, can be related with 
relative humidity, RH, through Kelvin's law,  
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   (1) 

where M is the molecular mass of water 
(18.016 kg/kmol), ρ is the density of pure water 
(998 kg/m3 at 293 K, 20ºC) RH is relative humidity, 
R is the gas constant (8.314 J.mol-1.K-1) and T is the 
absolute temperature. 

Resistive sensors are relative humidity sensors, 

such as gypsum blocks, polymers or tissues placed in 
contact with the soil. Resistivity changes of the 
contact material, which is wetted or dried after 
equilibrium time (Fredlund and Rahardjo, 1993), can 
be related with relative humidity after calibration. 
Thin film ceramic sensors are common resistive 
sensors, as well as thick film sensors made of 
alumina, and sol-gel sensors with different 
compositions (Traversa, 1995; Rittersma, 2002). 

The sensors used in the experimental study 
presented in this paper are resistive sensors 
developed to be small and have sensitivity within 
75% and 100% relativity humidity ranges (39 MPa 
to 0 MPa). This new kind of resistive sensor for 
soils, microfabricated in clean room environment, 
was developed to be incorporated in soil specimens 
during standard laboratorial tests, therefore it was 
also intended to have fast response (less than 1 
minute), low capacitance and low hysteresis. The 
working principle of the sensors developed, as well 
their calibration, are briefly presented. To test their 
potential four sensors were placed in an unsaturated 
soil sample for 3D relative humidity measurements 
during confined compression in an adapted 
oedometer cell. The main results are presented in 
this paper. 

2 SOL-GEL SENSORS 

2.1 Description of the sensors 

The sensor developed is a resistive sensor 
microfabricated in clean room environment and 
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consists in 100 μm wide, 300 μm thick interdigitated 
aluminium electrodes spaced 300 μm, deposited on a 
glass substrate. Sensors footprint area is 11000 μm x 
11000 μm and overall thickness is around 800 μm. 
The electrodes were covered by a Cerium doped 
silica-titania film, deposited using a sol-gel 
technique. Details on sensors geometry are presented 
in Figure 1. Further details on sensors 
microfabrication are explained by Cardoso et al. 
(2017a,b). 
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Figure 1. Sol-gel sensor developed: a) dimensions; b) 3D 
scheme (no scale); c) photograph of one of the sensors. 

 

The sol-gel adopted for the sensors is composed 
by silica-titania grains with spherical shapes and 
almost uniform sizes (diameters around 1 μm), 
resulting in a porous structure with a uniform pore 
size distribution (average pore diameter below 2 nm. 
This coating is responsible for the required sensor 
sensitivity to water, because the water molecules are 
adsorbed by the sol-gel layer and therefore the 
electrical conductivity of this material increases. The 
procedure adopted for sol-gel fabrication was 
adapted from the work of Kozhukharov et al. (2015). 
The thickness of this coating is less than 100 μm. 

The water transfer mechanism between the soil 
and sol-gel is illustrated in Figure 2. The analysis of 
this water transfer mechanism is out of the scope of 
this paper. 

The sensor must be in contact with the soil, 
however the contact may not be perfect and therefore 
it can be assumed that total suction is measured. 
Equilibrium time was fast (around 2 minutes) due to 
the high sensitiveness of sol-gel.  

For the measurements, in this paper constant DC 
voltage of 2.1 V was applied and current was 
measured, so resistance was found using Ohm’s law. 
The voltage/current source Keithley Impedance 
meter, Model 2401, was used for the measurements. 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 2. Scheme of the working principle of sol-gel sensors 
(without scale). 

2.2 Sensors calibration  

The procedure adopted for sensors calibration is 
described in detail by Cardoso et al. (2017a,b). 
Basically, the sensors were calibrated using 
compacted clays samples with known relative 
humidity, so the correspondence between this RH 
and Impedance would provide the calibration curves. 
The RH of the samples was obtained through soil 
suction measured using water dewpoint 
potentiometer WP4C equipment (WP4C, 2003) and 
Kelvin's law (Eq. 1). The calibration curve is 
presented in Figure 2 (average values and error bars 
considering the measurement of 5 sensors). 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 3. Calibration curves considering average values. 

 
The error in the measurements is explained by the 

heterogeneity of the sol-gel coating, which is 
associated to the deposition procedure adopted, and 
also by some sol-gel removal during sensors 
calibration caused by contact with soil. Error may be 
explained by small number of measurements, and 
eventually by poor contact between the sensors and 
soil. For this reason the calibration curve of each 
sensor must be used when operating in soil.  

The curve can be fitted by a bi-linear relationship 
defined from relative humidity between 100% and 
97% and for relative humidity lower than 97%. 
Sensitivity (slope of the relationship) is better for the 
high RH and therefore the sensors will be better 
when operating in this range. The equations for each 
sensor used in this study are in Table 1. 
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Table 1 - Calibration curves of all sensors. 

 Low RH High RH 

All sensors 
(96.8%*) 

I= 3E+10e-0.125RH 
R² = 0.7158 

I= 7E+83e-1.871RH 
R² = 0.9996 

Bottom 
(93.4%*) 

I= 6E+08e-0.076RH 
R² = 0.9951 

I= 1E+108e-2.369RH 
R² = 0.9190 

Top 
(95.8%*) 

I= 1E+08e-0.06RH 
R² = 0.9066 

I= 1E+136e-3.017RH 
R² = 0.9858 

Radial 1 
(86.7%*) 

I= 3E+11e-0.162RH 
R² = 0.9999 

I= 2E+102e-2.251RH 
R² = 0.9277 

Radial 2 
(87.2%*) 

I= 1E+08e-0.052RH 
R² = 0.9661 

I= 9E+89e-1.950RH 
R² = 0.9073 

* RH for the transition between branches 

3 MATERIAL AND METHODS 

The clay used is white kaolin, with liquid limit of 
52% and plasticity index of 22%, therefore the 
material classifies as highly plastic silt (MH) 
according to the Unified Soil Classification System. 
Solid volumetric weight is 26.1 kN/m3. 

The samples were compacted with voids ratio of 
0.9 and water content of 25%. Distilled water was 
used to minimize osmotic effects. Suction 
correspondent to the water content at preparation is 
1.0 MPa, as it can be seen in the water retention 
curve (WRC) of the soil presented in Figure 4.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Water retention curve of the soil. 

 
This curve was measured using WP4C and curve 

fitting was done using Van Genuchten (1980) 
equation 
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where Sr is the degree of saturation, Gs is the solid 
weight density, e is voids ratio, w is water content, s 
is suction and P and  are fitting parameters 

(P= 0.55 MPa and = 0.040 for the drying branch, 
and P= 0.15 MPa and = 0.035 for the wetting 
branch). 

The soil was compacted inside oedometer rings 
(5 cm diameter and 2 cm height) following the 
procedure adopted to prepare the samples for the 
WRC, because resistive sensors are sensitive to soil 
structure, which depends on the compaction 
conditions adopted. Corresponding suction is 
s= 1.0 MPa and RH= 99.3% (at 21ºC), therefore 
inside the high RH branch of the calibration curves, 
which is the best operating range for the sensors. 

Two identical samples were prepared (void ratio 
at preparation ei in Table 2), one to be tested without 
sensors and the other in which sensors were inserted. 
The comparison of the compressibility curves of 
both samples allowed evaluating if the sensors 
would disturb the sample. 

Four sensors were inserted in the soil for the 
oedometer test, in a 3D configuration: horizontally 
on the top and bottom porous stones, and inserted 
vertically near the walls along the same diameter. 
Sol gel face was oriented against the inner soil mass 
(Figure 5). All sensors had soil above and below, to 
provide a softer contact and prevent their breakage. 
Soil dried during sensors installation and therefore 
the samples with the sensors were kept in vapour 
equilibrium for 24h before starting the test.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Sensors in the oedometer sample for the 3D test. 

 
In the oedometer tests, stress increment in each 

step doubled that of the previous one until reaching 
1200 kPa. The same protocol was followed for the 
two kinds of samples, but when the sensors were 
installed the maximum vertical stress applied was 
800 kPa to prevent the rupture of the sensors. During 
the tests, suction was kept constant by vapour 
equilibrium, using a NaCl solution with 0.231 g/L 
(OIML, 1996). This corresponds to RH= 99.3% 
(T= 21ºC) and s= 1 MPa. 
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4 RESULTS 

4.1 Soil disturbance caused by the sensors 

The comparison of the results of the oedometer tests 
performed in the samples with and without the 
sensors allowed evaluating soil disturbance caused 
by the presence of the sensors. The compressibility 
index Cc, recompressibility index Cs and (total) 
yielding vertical stress found are presented in Table 
2. The compressibility curves measured are 
presented in Figure 6. They are similar to those 
measured without the sensors, also presented in this 
figure. The curves and values are similar for both 
samples, indicating that disturbance introduced by 
the sensors is not relevant. 

 
Table 2. Data from the oedometer tests. 

 Ei Cc Cs σy (kPa) 

No sensors 0.893 0.383 0.029 102 
3D test  0.902 0.378 0.029 118 

 

 

 

 

 

 

 

 

 

 
Figure 6. Compression curves with and without the sensors (3D 
configuration). 

 

4.2 Suction evolution during the test 

Impedance was recorded before the test started, 
before each load increment and 1 min, 15 min, 30 
min, 1 h , 2 h and 24 h after (approximate times). 
Impedance evolution along time is presented in 
Figure 7. It appears that some drying occurred at the 
top during the first loading step because impedance 
increased only in this location. This was 
compensated in the following loading steps. 

In Figure 7 it can be seen a clear disturbance of 
the readings, since impedance increased after each 
load change. This may be interpreted as the 
adjustment of the sensors to the new conditions. 
After this disturbance the values continued changing, 
which can be explained by water migration in the 
soil due to the changes in vertical stress. It is not a 
capacitive effect because voltage was turned on only 
for the period of time necessary for current to 
become stable (less than one minute for each 
reading). 

Figure 8 synthesizes impedance changes with the 
vertical stresses applied during the test. Except for 
sensor radial 2, which experienced some oscillations, 
for all the other sensors the impedance decreased 

with the increment of vertical stress and decreased 
when stress was decreased. This is in accordance 
with the evolution of relative humidity with vertical 
stress presented in Figure 9, as if water is being 
expelled out of the soil during compression. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Impedance along the test and its correspondence with 
vertical displacements. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: Impedance in each load step. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Relative humidity in each load step. 
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The correspondence between impedance and 
relative humidity shown in Figure 9 was done 
considering the calibration curves of each sensor 
previously presented in Table 1. It was assumed that 
this calibration continued to be valid after the 
changes in voids ratio due to compression. 

It is interesting to note that impedance and 
relative humidity increase when vertical stress 
approaches the value of yielding stress (Table 2), 
independently from the orientation of the sensors. 
Also, impedance is different for the same vertical 
stress at loading and unloading. This indicates that 
relative humidity is affected by changes in voids 
ratio. Nevertheless, the sensors response on drying 
will be affected by the heterogeneous distribution of 
water in the soil and sol-gel during drying and 
wetting processes, already discussed. This may 
explain the smaller increase in RH observed in 
unloading and somehow justifies that sensor 
calibration may not be much affected by changes in 
soil voids ratio, because the porosity of sol-gel is not 
affected by loading due to its very small thickness. 

Finally, suction can be computed from the 
relative humidity using Equation 1. Its evolution 
with loading is presented in Figure 10 and the final 
values are summarized in Table 3 (column s (MPa) 
from sensors). Overall, the values are within the 
suction interval for which the sensors were validated 
(see Figure 2). However the error indicates that the 
sensors require further improvement.  

Considering now the 3D distribution along time, 
for all sensors the relativity humidity increases with 
the increment of vertical stress and shows a slight 
decrease at unloading. Apparently the changes are 
more evident in the top and bottom sensors, 
perpendicular to loading, than in the radial ones. 
Nevertheless, final suction is very similar in all cases 
and should be identical if suction is isotropic. If 
suction increases in isotropic manner it is because 
relative humidity changes are isotropic. This does 
not mean that there is no preferential direction for 
water flow in the specimen, because relative 
humidity refers to water in the gas phase and not in 
the liquid phase. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10. Suction in each load step. 

 

At the end of the test, suction and water content 
of the soil around each sensor were measured with 
WP4C equipment. The values are included in Table 
3 (columns WP4C). This table presents the 
conversion to RH of the values measured with 
WP4C and from suction found with the RH 
measured with the sensors. All values are similar, 
however are underestimated by the sensors. This 
result was expected because soil suction is around 1 
MPa (RH around 99%) and is at the lowest limit of 
WP4C. In addition, there could be changes in 
sensors calibration because soil void ratio changes 
during the test. In spite of the error, the consistency 
of the readings found allows validating the sol-gel 
sensors for suction measurements during the 
laboratorial tests performed. 

 
Table 3. Water content, suction and RH around each sensor. 

 w (%) s (MPa) RH (%) 

WP4C 
From 
sensors 

From 
WP4C 

Sensors 

Top 24.8 1.02 1.99 99.26 98.6 
Bottom 25.0 0.98 1.44 99.29 99.0 
Radial 1 25.7 0.95 1.95 99.31 98.6 
Radial 2 25.4 1.01 2.17 99.27 98.4 

5 CONCLUSIONS 

The sensors were incorporated in soil samples to be 
tested in oedometric compression. Data found allows 
considering that water is being expelled from the soil 
during compression and there is some recovering 
during unloading. Even if there is some error in the 
readings, the suction changes measured were 
identical in all directions, which is consistent with 
the isotropic nature of suction.  

Changes in void ratio during the oedometer test 
may have affected sensors calibration, however it 
may be explained by water migration inside the soil 
sample, which has preference to become adsorbed in 
the sol-gel coating, because the pores of this material 
are smaller than those of the clay. The consequences 
of a non-uniform water distribution around the 
sensors must be studied in detail, as well as stress 
paths obtained from the readings. 

Further work will require the optimization of sol-
gel deposition because the major differences in 
sensors calibration curves may be explained by the 
heterogeneity of sol-gel coating. Nevertheless, when 
comparing with other sensors (such as tensiometers) 
operating inside soil specimens in standard 
laboratorial tests, the sol gel sensors can be a good 
alternative to enlarge the suction interval measured 
so far. Although the developed sensors still need to 
be tested under new sets of oedometric and triaxial 
stress paths, this preliminary study clearly 
demonstrates their high scientific potential as a 
novel tool for testing and characterizing the hydro-
mechanical behaviour of unsaturated soils. 
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