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1 INTRODUCTION 

The Hyprop is a relatively new device used for de-
termining the water retention and hydraulic conduc-
tivity characteristics of soils. The system is based on 
the evaporation method, first introduced by Wind 
(1966) and later modified by Schindler (1980). 

The system consists of a sensor unit with two ten-
siometers of different lengths and a small tempera-
ture probe. The soil sample is placed in a stainless 
steel ring measuring 80 mm in diameter and 50 mm 
in height, which is rested on top of the sensor unit. 
The sample is allowed to evaporate, while suction in 
both tensiometers, as well as the temperature and 
weight loss, are continuously measured. From the 
initial or final water content, the measured weight 
loss and the specific gravity of the solid fraction, the 
volumetric water content is calculated and plotted 
against the mean suction value to obtain the drying 
branch of the Soil Water Retention Curve (SWRC). 

The difference in measured suction values and the 
difference in height of the tensiometers are used to 
calculate the hydraulic gradient. Consequently, as-
suming a linear suction gradient between the two 
tensiometers, the hydraulic conductivity can be cal-
culated from the measured flow rate (i.e. the rate of 
weight loss) and the hydraulic gradient according to 
Darcy’s law. Hence, the hydraulic conductivity 
curve (HCC), which relates the hydraulic conductiv-

ity as a function of matric suction, can be obtained. 
Schindler & Müller (2006) or Schindler et al. (2010) 
describe the method in detail. 

Various experimental investigations have been re-
ported in which the Hyprop method has been used to 
determine the SWRC and HCC, including Schindler 
et al. (2010), Campbell et al. (2012), Maček et al. 
(2013), Schelle et al. (2013), Dolinar (2015), Ei-
bisch et al. (2015) and Schindler et al. (2015). Typi-
cally, the reported suction ranges from 0.1 to 100 
kPa. However, much of the reported data in the lit-
erature show irregularities in the obtained water re-
tention curve, particularly at relatively low suction 
values. As these irregularities did not show up in all 
experiments, they were typically ignored. During an 
extensive study on the desiccation behavior of clays, 
Tollenaar (2017) also observed these irregularities 
and provided some theories regarding their origin. In 
this paper, some of the results of Tollenaar (2017) 
are presented together with additional tests on clean 
sand. Irregularities are identified by using a relative-
ly short time measure-ment interval to record suc-
tion and some theories explaining the observed ir-
regularities and their im-pact on the interpretation of 
the Hyprop results are discussed. 
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ABSTRACT: The Hyprop is a laboratory device designed to measure the water retention and the hydraulic 
conductivity characteristics of soils during drying. Various reported Hyprop measurements show irregulari-
ties at relatively low suction values. In this study, two series of tests were performed to identify and explain 
these irregularities. Test results on clean sand showed rapid fluctuations in the measured suction shortly after 
reaching the air entry value, which are interpreted as Haines jumps. Test results on clayey soils also showed a 
drop and rise in suction at consistencies ranging between plastic and liquid limit. The change in suction for 
the clayey soils was much slower and larger than for the clean sand. In some cases the drop in suction initiat-
ed when the clayey soils detached from the ring or when cracks occurred in the sample. Consequently, these 
suction drops are attributed to a combination of unloading and shrinkage. For clayey soils with initial water 
contents above liquid limit, a correction procedure is suggested to account for the initial negative measured 
suctions and the loss in hydraulic head. The observations affect the interpretation of Hyprop results at low 
suction values, particularly regarding the hydraulic conductivity. 



2 MATERIALS AND METHODS 

2.1 Soil types and index properties 

Two soil types were used for this study. Tollenaar 
(2017) used a commercially available pottery clay 
(K-10000, Ve-Ka Industrie Keramische Grondstof-
fen), which according to the USCS is classified as a 
high plasticity clay. Secondly, tests were performed 
on a poorly graded clean sand. Index properties of 
the soils are presented in Table 1 and 2. 

 
Table 1. Summary of measured index properties of the sand. 

Index Property  

Grain Size Distribution  
Sand Content (%) 100 
D50 (mm) 0.2 
Cu  3.1 
Cc 1.1 

Unified Soil Classification System 
(USCS) 

Poorly Graded 
Clean Sand (SP) 

 
Table 2. Summary of measured index properties of the clay. 

Index Property  

Specific Gravity 2.74 
Grain Size Distribution  

Sand Content (> 63 µm, %) 3 
Silt Content (≤ 63 µm, %) 55 
Clay Content (≤ 2 µm, %) 42 

Atterberg Limits  
Plastic Limit (%) 24 
Liquid Limit (%) 57 
Plasticity Index (%) 18 

Shrinkage Limit (%) 12 

Unified Soil Classification System 
(USCS) 

High Plasticity 
Clay (CH) 

2.2 Test procedures 

The sensor unit and tensiometer shafts were filled 
with de-aired water, using a vacuum pump and re-
filling unit (Meter Group AG). The tensiometer 
shafts were carefully placed on the sensor unit to 
avoid air entrapment. In case when only the short 
tensiometer was pressure sensor of the long tensi-
ometer was covered using adhesive tape. 

The test on sand was performed at 20 ºC (± 2ºC). 
The relative humidity was not measured. After satu-
rating the tensiometers with de-aired water, the steel 
ring was placed on the sensor unit and then it was 
filled with dry sand. Next, tap water was slowly 
poured over the sand allowing it to percolate 
through the material until a thin film of water ap-
peared on top of the sample. Immediately afterwards 
the test was started and the water in the sample was 
allowed to evaporate, while the weight and suction 
in both tensiometers was recorded every minute. At 
three occasions during the test water was added 
slowly to the sample to evaluate whether the ob-
served irregularities were reproducible during sever-
al wetting and drying cycles. At the end of the ex-

periment the sample was taken out and dried in an 
oven for 24 hours at 105oC to determine the final 
moisture content.  

The complete test procedures for the tests on the 
clayey soils are reported by Tollenaar (2017). Based 
on preliminary tests (see results section) it was de-
cided to use only the short tensiometer for suction 
measurements in these tests. In one of these prelimi-
nary tests the sensor unit was disconnected from the 
computer and placed inside a Micro-CT Scanner 
(General Electric, Phoenix, Nanotom S) at regular 
time intervals. In this test the steel ring was replaced 
by a PVC ring of similar size, in order to allow the 
X-rays to penetrate through the ring and soil sample. 
The CT-scan results were processed using VGStudi-
oMax (Volumegraphics, 2013) and Avizo (FEI, 
2013) software.  

Clay was provided as blocks with an initial mois-
ture content of about 34%. Using tap water the 
moisture content of these blocks was increased, to 
obtain clayey soil samples with five different initial 
water contents: two samples had a moisture content 
below and three above liquid limit. One test was al-
so performed using only water (Table 3). The tests 
were carried out in a climate controlled room with a 
relative humidity of 34% (± 6%) and a temperature 
of 24 ºC (± 1 ºC). 

 
Table 3. Initial values for test on clay: gravimetric water con-

tent, w0 (mw/ms), volumetric water content, θ0 (Vw/Vs) and li-

quidity index, LI0 ((w0-wLL)/PI). 

Sample w0 (%) θ0 LI0 

A 34 0.93 0.3 
B 51 1.4 0.82 
C 71 1.94 1.42 
D 113 3.1 2.7 
E 138 3.77 3.45 
F Water   

 
  For test A, the standard sampling procedure was 
used as described in the manual (UMS, 2015) by 
pushing the steel ring directly into the clay block. 
For test B, the metal ring was filled with clay paste 
using a spatula, while trying to avoid the inclusion 
of air pockets. In both test A and B, the top and bot-
tom were trimmed, and the holes for the tensiome-
ters were drilled using the small hand auger accord-
ing to the procedure described in the manual (UMS, 
2015). For the tests with water content above the 
liquid limit slurries were prepared by mixing the 
clay with water using a Hobart A200N mixer at 200 
rpm for 45 minutes, after which the resultant slurry 
was placed in a sealed plastic container for at least 
24 hours to further homogenize. The metal ring was 
first placed on the prepared sensor unit. Then the 
clay slurries were poured in the metal ring, after 
which the measurement was started. At the end of 
each test, the soil sample and the ring were placed in 



an oven for 24 hr at 105ºC to determine the final 
water content.  

 

3 RESULTS 

3.1 Tests on sand  

The measured water mass and suction for both the 
long (black) and short (grey) tensiometer and the 
constructed SWRC are presented in figure 1. The 
sharp increases in water mass clearly indicate the 
three moments at which water was added to the 
sample. Each time water was added, the suction lev-
el dropped rapidly. The lowest value of suction ob-
tained after each addition of water depended on the 
amount of water added (figure 1b). Figure 2 pro-
vides a close up of the measured suctions, showing 
the first two days of measurements. 

 

(a) 

(b) 

(c) 

Figure 1. Measured water mass (a) and suction (b) and con-

structed SWRC (c) for the test on sand 

  
 

 
Figure 2. Detail of figure 1b showing the first two days of suc-

tion measurements for the test on sand. 

 
Suction initially exhibited negative values, indi-

cating a positive hydrostatic water pressure (dis-
played as a “negative suction”) above the level of 
the tensiometer tip. Once sufficient water evapo-
rated, suction levels rapidly increased up to the air 
entry value of the soil (approximately 2 kPa). Next 
the rate of increase in suction reduced almost to zero 
until the water content approached the residual satu-
ration at which the suction started to rise rapidly 
again. The SWRC is as expected for a poorly graded 
clean sand (Buckingham, 1907; Black & Croney, 
1957, Van Genuchten, 1980). When water was add-
ed to the sample suction was rapidly lost, after 
which it increased gradually back again when it was 
allowed to evaporate once more.  

Close to the air entry value, the measured suction 
showed irregularities for the first and second drying 
cycle as displayed in Figure 2. Rapid drops of 0.2 to 
0.5 kPa in suction were observed followed by a 
gradual rise. These irregularities can be expected by 
regarding the air entry in the soil as a discontinuous 
process. The air migrates into the pore space through 
many rapid displacement events, often referred to as 
Haines jumps (Haines, 1930, Armstrong et al., 
2015) In order to move from one pore to another, air 
needs to squeeze through a pore throat. As a result 
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the capillary pressure, which is inversely related to 
the radius of the gas water interface, gradually in-
creases while the gas is drawn into the pore throat. 
Once the interface passes the narrowest point in the 
pore throat the gas rapidly floods the next pore, 
leading to a capillary pressure loss as the radius of 
the interface increases. Using the bulk modulus of 
the fluid phase, the drop in capillary pressure can be 
related to the change in volume by a single gas in-
trusion. Considering it is a clean sand and that most 
of the irregularities occur early in the drying pro-
cess. The Haines jumps may be related to the rapid 
air entry along the boundaries between the steel ring 
or sensor unit and the sand. At these smooth inter-
faces the pore sizes are slightly higher than in the 
bulk soil, which may result in preferential sidewall 
flow of the gas phase (e.g. Corwin, 2000). 

Besides these irregularities, two other observa-
tions may affect the interpretation of the results as 
suggested by Schindler et al. (2010). Firstly, the dif-
ference in suction between the two tensiometers was 
constant and remained approximately constant dur-
ing the major part of the experiment (approximately 
0.28 kPa). Only after 12 days the pressure difference 
between the two tensiometers started to increase as 
the suction in the long tensiometer rapidly ramped 
up until it cavitated, while the short tensiometer con-
tinued to rise gradually. It only reached cavitation 
five days later at a significantly lower water content. 
These observations seem to indicate that for most of 
the drying process, the suction difference between 
the tensiometers was mainly a function of the pres-
sure offset at the start of the experiment. Hence, for 
the major part of the experiment the data cannot be 
used to determine the hydraulic conductivity, either 
because the suction gradient does not change, or be-
cause one of the tensiometers has already cavitated.  

3.2 Tests on clayey soils  

Preliminary results on the clayey soils showed sig-
nificant bending of the long tensiometer shaft due to 
lateral shrinkage of the soil. Also it was found that 
during the major part of the drying process the hy-
draulic gradient between the two tensiometers re-
mained constant (close to the hydrostatic gradient) 
due to the relatively low evaporation rate. In addi-
tion, it was found that volumetric water content did 
not show a linear gradient with depth (Tollenaar et 
al., 2017a). Hence, the assumption of a linear suc-
tion gradient in the vertical direction did not seem to 
be valid for soils displaying significant amount of 
shrinkage. Through micro-CT scanning he showed 
that during the drying process cracks were propagat-
ing through the sample, and even touching the ce-
ramic tip of the tensiometer while suction was still 
being measured (Figure 3). The grey shading in the 
image is related to the material density. It ranges 
from black (e.g. air, 1 kg/m3), through different 

tones of grey (e.g. water, 1000 kg/m3; soil 1200-
1500 kg/m3), to white (porous aluminum oxide tip, ≈ 
2500 kg/m3). As the soil could not be considered a 
continuous phase, the assumption of a linear suction 
gradient also seemed to be invalid.  

During the Hyprop tests on clayey soils several 
observations affected the interpretation of the test 
results: 1) At the start of the experiments, suctions 
were negative. Particularly for clayey samples with 
an initial moisture content above liquid limit, the pe-
riod of negative suction could last for several days; 
2) During the initial stage of evaporation, the vol-
ume changes are mainly vertical. Hence the volu-
metric shrinkage is approximately equal to the 
change in height times the surface area; 3) During 
the initial part of the drying process, particularly for 
the samples with high liquidity index, the water loss 
was approximately equal to volumetric shrinkage 
hence the sample was considered to remain close to 
full saturation during the initial phase of drying. 
 

 
Figure 3. Typical results of micro X-ray computed tomogra-

phy scanning showing shrinkage and crack propagation in a 

clayey soil with an initial gravimetric water content of 95% at 

different stages during a Hyprop test (after Tollenaar, 2017).  
 

At low suction values the measurements showed 

significant variability. Several processes were con-

sidered affecting the suction measurement, includ-

ing: the hydrostatic pressure in the soil; positive or 

negative excess pore pressures due to self-weight 

consolidation, which can occur for very wet soils 

shortly after filling the ring or installation effects; or 

an offset in the sensor calibration. One Hyprop test 

was performed in which the ring was filled with wa-

ter only. The results are shown in Figure 4. As water 

does not show excess pressure through self-weight 

consolidation nor suction, it was expected that suc-

tion measurements showed negative values corre-

sponding with the hydrostatic head in the ring as 

long as the tip was fully submerged under water. At 

a constant evaporation rate, the increase in the 

measured suction values should be linear corre-

sponding with the loss in hydrostatic head. Suction 

should start to develop when the tip of the tensiome-
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ter emerges above the water level and when the ce-

ramic tip loses contact with the water level the ten-

siometer cavitates rapidly when the ceramic tip 

completely loses contact with the water in the ring. 

Based on these measurements it was suggested to 

shift the curve upward, in order to correct for the in-

itial hydrostatic head, so it starts at zero suction. To 

correct for the change in hydraulic head the head 

loss was calculated and subtracted from the shifted 

suction values. As a result of these corrections the 

suction values (“excess pore pressure”) were equal 

to zero as long as the tensiometer was submerged 

below the water level.  

  
Figure 4. Measured suction, calculated head loss and shifted 
and corrected suction values for test F using water only (after 
Tollenaar, 2017)  

 

For slurries it was considered that actual suction 

or excess pore pressure started to develop as soon as 

the slope of the measured suction curve started to 

deviate from the slope of the calculated head loss. 

To account for this, it is suggested to correct the 

measured suction values for clayey soils. Similar as 

shown in Figure 4, the correction involves subtract-

ing the calculated hydrostatic head loss from the 

measured suction, identifying the value at which the 

slope of the resulting curve is equal to zero and ap-

plying this value as an offset correction. Applying 

this correction causes the SWRC to shift for samples 

with an initial moisture content above the liquid lim-

it (C, D and E) and for suction values below 10 kPa 

as indicated by the arrows in Figure 5c.  

For the relatively dry clays A, B and C the meas-

ured suction showed a significant drop when reach-

ing a suction between 2 and 4 kPa, similar to the test 

on sand (Figure 6). In contrast to the test on sand, 

the suction continued to decrease for several hours 

before it started to rise again. Similar pressure drops 

can also be observed in other studies using the 

Hyprop (Durner et al., 2011; Campbell et al., 2012; 

Maček et al., 2013; Peters, 2013; Şahin, 2013; 

Schelle et al., 2013; Dolinar, 2015). However, in 

these cases these phenomena were not mentioned, 

nor explained. In some cases the decrease in suction 

initiated when the soil detached from the ring and 

started to shrink laterally. In some other cases the 

detachment from the ring did not correspond with 

the start of suction decrease. It is assumed that de-

tachment from other non-visible parts of the equip-

ment, or crack formation through the sample can 

cause similar pressure drops. Considering that dur-

ing detachment or crack formation the clay under-

goes tensile failure, an increase followed by a de-

crease in suction can be expected similar to the 

increase and decrease in stress observed during ten-

sile strength tests such as reported by Tollenaar et al. 

(2017b). Further investigations are required to fully 

predict the actual suction development during 

shrinkage and crack formation and propagation in 

desiccating clayey soils, e.g. as observed by Tol-

lenaar et al. (2017c)     

(a) 

(b) 

(c) 

Figure 5 Calculated volumetric water content (a), measured 

suction (b) and constructed SWRC using measured or correct-

ed suctions values (c) from Hyprop tests for clayey soils with 

different moisture contents (after Tollenaar, 2017). 
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Figure 6 Detail of suction measurements for clayey soils (after 

Tollenaar, 2017). 

4 CONCLUSIONS 

The observations presented in this paper show that 
irregularities in the suction measurements may sig-
nificantly affect the interpretation of Hyprop tests at 
relatively low suction values. Rapid drops in suction 
followed by a more gradual rise may occur during 
drying of clean sands, which can be interpreted as ir-
regular air entry events, also referred to as Haines 
jumps. Clayey soils also show fluctuations at rela-
tively low suction values. However, these fluctua-
tions are more gradual and can be related to detach-
ment of the clay from the ring or other parts of the 
equipment, or to crack formation, which is accom-
panied by stress release and shrinkage. A correction 
is suggested for clays with moisture contents above 
liquid limit to accommodate for the negative suction 
measurements during the initial drying period and 
the loss in hydraulic head. The observations also in-
dicate that the use of this test for the determination 
of the hydraulic conductivity is limited.  

5 ACKNOWLEDGEMENTS 

This research had the financial support of the Dutch 
Technology Foundation STW, which is part of the 
Netherlands Organisation for Scientific Research 
(NWO) and of the Ministry of Economic Affairs 
through the perspective program BioGeoCivil (grant 
11344). It was also partly funded through the 
CEAMaS project, funded by the European Regional 
Development Funding INTERREG IV B and Indus-
try-Academia Partnerships and Pathways (IAPP) 
project, MAGIC, funded from the 7th Framework 
Programme (FP7-PEOPLE-2012-IAPP) of the EC 
under grant agreement PIAPP-GA-2012-324426.  

REFERENCES 

Armstrong, R.T., Evseev, N., Koroteev, D., & Berg, S. 2015. 
Modeling the velocity field during Haines jumps in porous 
media. Advances in Water Resources 77: 57-68  

Black, W.P.M., & Croney, D. 1957. Pore Water Pressure and 
Moisture Content Studies under Experimental Pavements. 
Proceedings of the 4th International Conference on Soil 
Mechanics and Foundation Engineering 4(2): 94-103 

Buckingham, E. 1907. Studies on the movement of soil mois-
ture, US Department of Agriculture, Bureau of Soils, Bul-
letin 38 

Campbell, C.S., Cobos, D.R., Rivera, L.D., Dunne, K.M., & 
Campbell, G.S. 2012. Constructing fast, accurate soil wa-
ter characteristic curves by combining the Wind/Schindler 
and vapor pressure techniques. Unsaturated soils: Re-
search and applications: 55–62 

Corwin, D.L. 2000. Evaluation of a simple lysimeter-design 
modification to minimize sidewall flow. Journal of Con-
taminant Hydrology 42(1): 35-49.  

Dolinar, B. 2015. Prediction of the soil-water characteristic 
curve based on the specific surface area of fine-grained 
soils. Bulletin of Engineering Geology and the Environ-
ment 74: 697–703 

Durner, W., Iden, S.C., Schelle, H., & Peters, A. 2011. De-
termination of hydraulic properties of porous media across 
the whole moisture range. Proceedings CMM Conference 
2011  

Innovative Feuchtemessung in Forschung und Praxis: 1-12  
Eibisch, N., Durner, W., Bechtold, M., Fuß, R., Mikutta, R., 

Woche, S.K., & Helfrich, M. 2015. Does water repellency 
of pyrochars and hydrochars counter their positive effects 
on soil hydraulic properties? Geoderma 245: 31–39 

Haines, W.B. 1930. Studies in the physical properties of soil. 
the hysteresis effect in capillary properties, and the modes 
of moisture distribution associated therewith. The Journal 
of Agricultural Science 20: 97–116. 

Maček, M., Smolar, J., & Petkovšek, A. 2013. Extension of 
measurement range of dew-point potentiometer and evapo-
ration method. Proceedings of the 18th International Con-
ference on Soil Mechanics and Geotechnical Engineering: 
1137–1142 

Peters, A. 2013. Simple consistent models for water retention 
and hydraulic conductivity in the complete moisture range. 
Water Resources Research 49: 6765–6780 

Şahin, Y. 2013. Laboratory Tests to Study Stability Mecha-
nism of Rainfall Infiltrated Unsaturated Fine-grained Soil 
Slopes Developing Into Shallow Landslides and Their Hy-
draulic Properties. MSc thesis, İzmir Institute of Technol-
ogy. 

Schelle, H., Heise, L., Jänicke, K., & Durner, W. 2013. Water 
retention characteristics of soils over the whole moisture 
range: A comparison of laboratory methods. European 
Journal of Soil Science 64: 814–821 

Schindler, U. 1980. Ein schnellverfahren zur messung der 
wasserleitfahigkeit im teilgesattigten boden and stech-
zylinderproben. Archiv fur Acker-und Pflanzenbau und 
Bodenkunde 24: 1–7. 

Schindler, U., & Müller, L. 2006. Simplifying the evaporation 
method for quantifying soil hydraulic properties. Journal 
of plant nutrition and soil science 169: 623–629 

Schindler, U., Durner, W., von Unold, G., Müller, L., & Wie-
land, R. 2010. The evaporation method: Extending the 
measurement range of soil hydraulic properties using the 
air-entry pressure of the ceramic cup. Journal of Plant Nu-
trition and Soil Sciences 173: 563–572. 

Schindler, U., Durner, J., & Müller, L. 2015. Simplified 
method for quantifying the hydraulic properties of shrink-
ing soils. Journal of Plant Nutrition and Soil Science 178: 
136–145. 

Tollenaar, R.N. 2017. Experimental Investigation on the Des-
iccation and Fracturing of Clay, PhD dissertation, Delft 
University of Technology.  

-2

0

2

4

6

8

10

0 1 2 3 4 5

S
u
ct

io
n
 (

k
P

a)

Time (days)

A B C

D

E



Tollenaar, R., van Paassen, L.A., & Jommi, C. 2017a. Small 
Scale Evaporation Tests on a Clay: Influence of Drying 
Rate on a Clayey Soil Layer. Canadian Geotechnical 
Journal in press. 

Tollenaar, R.N., van Paassen, L.A., & Jommi C. 2017b. Ex-
perimental evaluation of the effects of pull rate on the ten-
sile behavior of a clay. Applied Clay Science 144: 131-140 

Tollenaar, R.N., van Paassen, L.A., & Jommi, C. 2017c. Ob-
servations on the desiccation and cracking of clay layers, 
Engineering Geology 230: 23-31 

van Genuchten, M.Th. 1980. A closed-form equation for pre-
dicting the hydraulic conductivity of unsaturated soils. Soil 
Science Society of America Journal 44 (5): 892–898  

UMS. 2015. Operation Manual Hyprop, version 2015.01.  
Wind, G.P. 1966. Capillary conductivity data estimated by a 

simple method. Proceedings of the Wageningen Symposi-
um: Water in the Unsaturated Zone 1: 181-191 


