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Abstract

The osmotic technique was calibrated at variougptatures (20 — 40°C) using a high-
capacity tensiometer. The effect of temperaturéhercalibration curve of the high-
capacity tensiometer in the positive range has bmamd to be insignificant, about
0.03%/°C. The measurement at ambient temperatoresstinat the suction value is not
significantly dependent on the molar mass of pahyene glycol (PEG) nor on the
molecular weight cut-off (MWCO) of the semi-permkabellulose membrane. On the
other hand, the matric suction measured in theeptasork by tensiometer was lower
than the total suction found in the literature nueed by psychrometer. This shows that
the so-called membrane effects must be charaatieois@ot only the crossing of PEG
molecules but also other complex phenomena. Thigraabn at controlled temperatures
showed a slight suction decrease by 1%/°C. Ondlgessxplanation for this decrease is
that increasing temperature decreases the visaSR{£G solutions, possibly accelerating
the PEG molecules crossing. It is also possibleititaeasing temperature would change
the physico-chemical properties of the PEG solstioesulting in a suction decrease.

Keywords Suction control, osmotic technique, temperatdiiecg high-capacity tensiometer,
poly-ethylene glycol, calibration.
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Introduction

The effects of temperature changes on the hydrharecal behaviour of unsaturated soils
are important in various geotechnical applicatismsh as ground energy exploitation,
stability of buried pipelines or power cables, caditive waste disposal, impacts of climate
change on the ground behaviour, etc. As the soislved in such applications are often
unsaturated, the laboratory investigation on tieces of temperature changes on their hydro-
mechanical behaviour requires the use of technigtiesntrolling suction at various
temperatures.

There are three mostly used techniques of comgp#iuiction (Blatz et al. 2008): (i)
vapour equilibrium technique (Tang and Cui, 20@Q®) axis translation technique (Richards,
1941); and (iii) osmotic technique (see for insabelage and Cui 2088 The vapour
equilibrium technique enables controlling the tatattion through the relative humidity of a
closed system containing in most cases a satusatagk solution and the soil specimen. After
Delage et al. (1998), this technique presents fstgimit uncertainties for suctions lower than
10 MPa. Oldecop and Alonso (2004) estimated thattatal suction of 10 MPa, an error of
1% in relative humidity (at 22 °C) induced an embd 5% in terms of total suction. The
accuracy of the vapour equilibrium technique at smetion range strongly depends on the
control of the ambient temperature (Tang and C0OB20This technique has been used at high
temperatures (up to 80 °C) to study the isothekmaaér retention curves (Lloret and Villar
2007) or to investigate the thermo-mechanical beha\(Tang et al. 2008) of unsaturated
compacted expansive clays.

The axis translation technique is usually usecbiatrol the matric suction for
suctions lower than 1.5 MPa. An extension to 10 MPsuction was performed by Escario
and Juca (1989). Romero et al. (2003) used thisitgue to study the thermo-hydro-
mechanical behaviour of compacted Boom clay wightdmperature ranging from 20 to
80 °C. After Delage et al. (2008), there are sonagtacks in the use of the axis translation
technique. On one hand, the application of anra@sgure higher than the atmospheric
pressure does not correspond to the field conditi®m the other hand, the applicability of
the axis translation technique appears to be quesile at high degree of saturation when air
is discontinuous and water is continuous in thepsmie network (Bocking and Fredlund
1980). Vanapalli et al. (2008) also reported thattheory associated with the axis translation
technique is only valid for soils with totally imt®nnected pore-air voids and for soil
particles that are incompressible and only whennater inter-phase is continuous, which is
typically the case for soils at a degree of saimdbwer than 90%.

In the osmotic technique, the soil specimen isgdan contact with a semi-permeable
membrane behind which an aqueous solution of Isicgeel molecules of polyethylene glycol
(PEG) is circulated (Cui and Delage 1996, Delagk@ni 200&). This technique was used
to study the water retention properties of soile{feau et al. 2002) and the hydro-
mechanical behaviour of unsaturated soils (Kassiff Ben Shalom 1971; Cui and Delage
1996; Cuisinier and Masrouri 2005; Ng et al. 20@¥hough being most often used up to
1.5 MPa, the osmotic technique has been extendsactomns up to 10 MPa (Delage et al.
1998; Cuisinier and Masrouri 2005). Ghembaza €R807) used the osmotic technique to
control the soil suction up to 80°C. These autiversfied the temperature effect by
examining the changes in refractometric index (Boikthe PEG solutions with temperature
changes and finally concluded that, for a givenceaitration, the imposed suction does not
depend on the temperature.

The calibration of osmotic technique has been edrout at ambient temperature.
Williams and Shaykewich (1969) demonstrated thatctddibration curves of PEG solutions
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obtained with psychrometer measurements of thévelbumidity of the solutions were
independent on the PEG molecular mass. In ordealtbrate the osmotic suction, Waldron
and Manbeian (1970) used a null type osmometehicwthe osmotic suction was
compensated by an air pressure applied to the BEBa. In the works of Peck and
Rabbidge (1969) and Slatter et al. (2000), the disnsaction was evaluated by measuring the
pressure developed in PEG solutions at constantiv®lconditions by putting them in contact
with distilled water through a semi-permeable meanbr Beside these methods, soil suction
can be also imposed on one side of a soil specusiag the osmotic technique while it is
measured on the other side by high-capacity tereti@niDineen and Burland 1995;

Tarantino and Mongiovi 2000; Monroy et al. 2007).

In the present work, the effect of temperaturehendalibration curve of PEG
solutions was investigated by measuring the matration generated by the PEG solution
with a high-capacity tensiometer brought in conteith the semi-permeable membrane.
Only a limited temperature range from 20 to 40°G wansidered. The tests were performed
with various molecular mass of PEG and with varioesnbranes having different molecular
weight cut-off values (MWCO). Note that the califowa of the osmotic technique at room
temperature using a high-capacity tensiometer glaceontact with the semi-permeable
membrane was performed by Dineen and Burland (188&Monroy et al. (2007). In their
works, the PEG solution was circulated and thisoisthe case in the present study. This
choice was based on the consideration that kee¢pe@BEG solution inside the cell without
any circulation allowed a good temperature coritra@ll the system. Note also that Peck and
Rabbidge (1969), Biesheuvel et al. (1999) studiedémperature effect on the osmotic
pressure by sealing a PEG solution inside an osrtetsiometer, in the range from 10 to
30 °C. However, their works were on one PEG comaéinh only. In addition, to the authors’
knowledge, the effects of PEG molar masse and MVBC&emi-permeable membrane on
target suctions has not been reported yet.

Experimental techniques

The schematic view of the experimental device &ibecating the PEG solution is presented
in Fig. 1. A high-capacity tensiometer (Cui et2008) was fixed on the base of the
calibration cell. A semi-permeable cellulose membréSpectrum) was then stuck on the
surface of the base that was previously wetted.upper part of the cell was subsequently
installed and a PEG solution of known concentratias injected in the cell through the inlet.
During the tests, the inlet of the cell was keptopo the atmosphere to ensure the
atmospheric pressure conditions for the solutiasteNhat the inlet was small enough to
allow the moisture exchange between the solutiahtia@ atmosphere to be neglected. For the
calibration at controlled temperatures, the cels wamersed in a temperature-controlled bath
with an accuracy of + 0.1 °C similar to that usgdrlang et al. (2007).

The system shown in Fig. 1 was also used for thieration of the high-capacity
tensiometer. For this purpose, the cell was filléith distilled water and the pressure of water
in the cell was imposed using a high accuracy Brefgolume Controller (CPV, + 1 kPa).
The CPV was connected to the cell by metal tubinbm long. It was assumed that the
pressure imposed by the CPV was not affected btetheerature applied to the cell.

Actually, as there was no significant water flovivieeen the CPV and the cell, the heat
transfer by convection can be neglected. Furthezntbe metal tubing has been regarded as
long enough for also neglecting the heat diffugrom the cell to the CPV. Thus the pressure
imposed by the CPV can be assumed to not be affégtéhe temperature applied to the cell.
The tensiometer was calibrated in the positiveqaness range and the calibration curve in the



hal-00539580, version 1 - 24 Nov 2010

negative pressures was extrapolated. This proceéslsmnilar to that described by Tarantino
and Mongiovi (2001). The results on the tensiomeadibration are shown in Fig. 2. In Fig.
2b, the signalJ; of the tensiometer was plotted versus the presgysked by the CPV for the
calibration at 25°C, giving the following lineadagonship:

[1] U; = -1.0901x10°p — 5.7948410™*

with U; in pV and the pressure appligg (n kPa.

The same calibration procedure was applied fordriggmperatures (30, 35 and 40°C). The
signals obtained allowed calculating the equivaggatsures at 25°C using Eqg. (1), and these
pressures were then compared with that imposedebZPV at different temperatures. The
difference between the calculated and the imposeskpres are regarded as errors that is
presented in Fig.&2versus the imposed pressure. It can be notedhibaffect of temperature
on the tensiometer calibration curves was not 8aarit. For instance, @ equal to 2000 kPa,
the difference between the pressure measured @t &1 that at 25°C was 10 kPa (0.5%).
This corresponds to a change of 0.03%/°C.

The experimental program is shown in Table 1. TESE — C15 were performed at
ambient temperature of 21+1 °C without using amygerature-controlled bath. For tests C16
and C17, the cell was immersed in the temperatongralled bath. The temperature was
fixed initially at 25 °C until reaching suction elijorium as indicated by the tensiometer.
Actually, the temperature of the bath was contbbg a thermostat pump which can only
heat water when its temperature is 0.1°C lower thartarget value. The minimum
temperature of the bath should be then always hidjla@ the ambient temperature. This
explains the initial temperature of the bath fie®5 °C. After suction equilibrium, the
temperature was then increased in steps to 30M@3@& °C. For each step, a duration of
about 0.5 hour was needed for the stabilisaticsuofion. No temperatures higher than 40 °C
was considered because this temperature correspotius limit for the use of the high-
capacity tensiometer: the strain gages of the aemstier would be unstuck from the
diaphragm under higher temperatures. In additompared to the tests at ambient
temperature, a lower concentration of PEG soluttas chosen in the controlled temperature
tests (13.7 g/100 ml). This choice aimed at avgdire tensiometer cavitation. Indeed,
following the cavitation mechanisms described byahitino and Mongiovi (2001), the
conditions of the temperature-controlled testsi{liggmperature and long duration) favour the
cavitation occurrence. Furthermore, it has beerlooled that the higher the suction the
earlier the cavitation.

Results

The responses of tensiometer for tests C01 — G platted in Fig. 3 in terms of changes in
suction measured by the tensiometer versus theezlapne. These tests were performed with
PEG solutions having a concentration of 19.5 g RBGhI water within various values of
MWCO for the membranes. In this figure, time zesaresponds to the time when the PEG
solution was injected in the cell. All the curvé®w that the suction started to increase after
around 0.1 h. For tests C05, C09, and C10, theosuicicreased quickly, reached its
maximum values after 0.3 h and then decreasedilsligtor the other tests, the suction
increased continuously and reached equilibriunr &fte The maximum values of suction
measured for all these tests vary from 310 to 328, k

In Fig. 4, the results of tests C11 — C15 are gtbtAll these tests were performed by
using PEG20000 with a concentration of 23.7 g PBG#il water. For tests C11, C12, and
C15 (MWCO = 12000 — 14000), the suction starteithi¢oease after 0.10 h and reached the
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equilibrium value of 540 kPa after 1 h. For tesiS@nd C14 (MWCO = 3500), the suction
started to increased after 0.15 h and reachedileguimh at a value of 560 kPa after 1 h. As
the results for the same PEG concentration bubuarvalues of MWCO and PEG masses are
presented in the same figure (19.5 g/100ml in Fignd 23.7 g/100ml in Fig. 4), the effects
of the membrane or the PEG molecular weight orstlotion changes versus time can be
directly appreciated.

In Fig. 5, the suction measured after 1 h in t€&t% — C15 run at ambient temperature is
plotted versus the MWCO of the semi-permeable man#used. Three membranes with
MWCO equal to 1500, 3500, and 12000 respectivelewsed with two PEG 20000
concentrations. The results show a very slightebss of suction measured with larger values
of MWCO. For PEG 6000, the difference between #seilts obtained with the two
membranes (MWCO 1500 and 3500 respectively) isfalsod to be not significant. With a
concentration of 19.5 g PEG/100ml water, the suastiabtained with PEG6000 are slightly
higher than that obtained with PEG20000. In FighB,suctions calculated following the
calibrations proposed by Williams and Shaykewic®6d) and by Dineen and Burland (1995)
are also plotted. It can be seen that the reshttsred in this work are comparable to that of
Dineen and Burland (1995), who also performed tenster measurements with PEG 20000
and a MWCO 14000 membrane.

The results of tests C16 and C17, performed uresepérature controlled conditions
with a PEG 20000 concentration of 13.7g PEG/100ateware plotted in Fig. 6. Note that
the calibration curve of the tensiometer (signaéneed in pV versus the imposed pressure in
kPa) was slightly influenced by the temperaturenglea (see Fig. 2). For this reason, the
signal was plotted versus the elapsed time. Fdr tasts, the signal started to change quickly
after 0.15 h. This corresponds to the change itiumeasured from 0 towards the
equilibrium value observed previously (see Fignd &ig. 4). The signal reached its
equilibrium value at 25 °C after 1 h. When incregghe temperature of the calibration cell
from 25 to 30 °C, the signal (and also the corredpw suction) firstly decreased and then
increased to reach again the equilibrium state afieut 0.5 h. A similar response was
observed in the other heating steps.

The suction values obtained at equilibrium corresiing to each temperature are
plotted in Fig. 7. These suction values were caleul from the signal obtained during the
tensiometer calibration presented in Fig. 2, inchltemperature effects were taken into
account. The results show a slight decrease oiosuloy about 1%/°C when the temperature
increased from 25 to 40°C. The suctions estimatad the calibration curves of Williams
and Shaykewich (1969) and Dineen and Burland (1885glso presented. In the lack of
relevant information, the ambient temperature esthworks was assumed to be 20 °C.

Discussion

Hoffman et al. (2006) studied the effect of tempaeon the calibration of a high-capacity
tensiometer. The results showed that the slopleeotalibration line slightly changed with
temperature (less than 2%) but it appeared thahtbecept of the calibration line was
significantly influenced by temperature changedtimrange of 100 kPa for T = 20 — 40 °C).
In the present work, the effect of temperaturehmntéensiometer was about 0.03%/°C. This
value is negligible when compared to the effedeaiperature on the suction generated by
the PEG solution (1%/°C).

The tensiometer responses (Fig. 3, Fig. 4, anddfighowed that a few minutes were
required to obtain a relevant suction measurenidns. duration is similar to that observed by
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Peck and Rabbidge (1969) and Dineen and Burlar@b(¥who used also a cellulose
membrane. By contrast, several days appearednedmed when using a poly-ether sulfonate
ultra filtration (PES-UF) synthetic membrane (Moyet al. 2007).

The calibration results obtained in Fig. 5 wereilsinto that obtained by Dineen and
Burland (1995) and showed a lower suction thanrntedsured by Williams and Shaykewich
(1969). When using the PES-UF synthetic membraren(bdly et al. 2007) the suction
obtained was higher and close to that of Williamg §haykewich (1969). The lower suction
measured when using cellulose membrane has begutttl to the membrane effects
(Dineen and Burland 1995, Delage and Cui 2)08ome quantity of PEG molecules is
suspected to have crossed the membrane. Neveghilesesults of this work show that the
effect of the molecular mass and thus the moleaiisis not significant (Fig. 5). Indeed,
Delage and Cui (20@8 reported that a few PEG molecules cross the mamebwhen
appropriate cellulose membrane is used in ternWCO values. The membrane effects
must be characterised by other more complex phename

The response of the high-capacity tensiometer ingating (subsequent decrease and
then increase of suction) shown in Fig. 6 can hj@agxed as follows: the suction generated
by the PEG solution and the membrane creates mteimsthe water stored in the porous
stone and in the water reservoir of the tensiomsts Cui et al., 2008, for the schematic
view of the tensiometer); heating firstly inducée dilation of this volume of water resulting
in a reduction of the water tension; as a reseltsiliction measured by the tensiometer also
decreased. With time the measured suction incradaseéch the equilibrium with the
imposed suction at the new temperature.

From the results of temperature-controlled testswshin Fig. 7, a suction of 150 kPa
can be extrapolated for the ambient temperaturdQRT his value is similar to that of Dineen
and Burland (1995). That is also in agreement téhresults of higher suctions shown in
Fig. 5.

The temperature effect on the suction generatatidopsmotic technique was
identified: the suction decreased approximatelt¥/°C when the temperature was
increasing. This value is in the same order of ritaga of that found in the literature with
osmotic tensiometer: Peck and Rabbidge (1969) vbdd¢hat the osmotic pressure decreased
by 1.5%/°C when the temperature increased frono BDtC and Biesheuvel et al. (1999)
identified 3%/°C for the temperature comprised lestw?23 and 24°C. This suction decrease
with increasing temperature is difficult to be eaipkd. One of the possible explanations
could be based on the consideration of a smalltgyarf PEG molecules that crossed the
cellulose membrane (see Delage and Cui BpO&ating decreased the viscosity of the
solutions and therefore the quantity of the PEGeamudkes which cross the membrane would
be more significant, giving rise to a decreasauction. As mentioned above, the membrane
effects are complex and they are not limited toRE€ molecules crossing. It is probable that
heating changes some of the membrane effects. Mergibwould be also possible that
heating changes the physico-chemical propertiéseoPEG solutions due to the difference of
thermal dilation between water and PEG moleculatuerto the chemical changes of PEG
molecules themselves. Further studies are needegdstigate these points more deeply.

For the tests at ambient temperature (Fig. 5)rehability can be affected by the two
factors: the reliability of the tensiometer used #me precision of the PEG concentration
prepared. On the contrary, for the temperaturerobatl tests, the effects of these factors can
be neglected because the suctions at differentdeayres were measured with the same
tensiometer and the same PEG solution. Thereddnagh reliability could be attributed to
the identified temperature effects.
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Conclusions

The suction generated by the osmotic techniquemnesured by keeping a high-capacity
tensiometer in contact with the cellulose semi-pbte membrane. The tests at ambient
temperature (21°C) were carried out with two valoeBEG molar mass (6000 and 20000)
and three values of molecular weight cut-off (MWQA@)the semi-permeable membrane. In
addition, two temperature-controlled tests (25,34),40 °C) were performed with PEG
20000 and two types of membrane (MWCO 1000 and @R2de following conclusions can
be drawn from the experimental observations.

)] The effect of temperature on the calibration cwthe high-capacity tensiometer
in the positive range has been found to be insigamt, about 0.03%/°C.

i) The use of cellulose membrane allowed a short resptime (few minutes) for
the suction measurement using the high-capacisidereter. The response time
was found to be much longer (several days) whemgusipoly-ether sulfonate
ultra filtration (PES-UF) synthetic membrane (Moyet al. 2007).

i) As the suctions obtained in this study using highacity tensiometers are lower
than that measured by Williams and Shaykewich (1868Bg psychrometers, the
membrane effects have been suspected. On thelahdy the effects of the size
of PEG molecules and the semi-permeable membrame &ebe negligible. It
appears therefore that the so-called membranetefi@est be characterised by not
only the crossing of PEG molecules but also otherencomplex phenomena.

V) The measured suction decreased approximately b§ClLothen the temperature
was increasing. This temperature effect could la@naafttributed to a possibly
accelerated PEG molecules crossing or to the clsanggher more complex
phenomena as membrane effects, physico-chemicagebaf the PEG solutions.
More tests should be carried out to better quathi®yeffects of temperature on
suction.
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Table 1. Experimental program

Test Molecular MWCO Concentration Suction (kPa) Temperature
No. mass of membrane (g/100ml) (Williams and (°C)

of PEG Shaykewich

1969)

co1 20000 1000 19.5 427 2141°C
C02 20000 3500 19.5 427 2141°C
CO03 20000 12000-14000 19.5 427 2141°C
co4 6000 1000 19.5 427 2141°C
CO05 6000 3500 19.5 427 2141°C
C06 20000 1000 195 427 2141°C
co7 20000 3500 19.5 427 2141°C
Cco8 20000 12000-14000 19.5 427 2141°C
C09 6000 1000 19.5 427 2141°C
C10 6000 3500 19.5 427 2141°C
C11 20000 12000-14000 23.7 689 2141°C
C12 20000 12000-14000 23.7 689 2141°C
C13 20000 3500 23.7 689 2141°C
Cl14 20000 3500 23.7 689 2141°C
C15 20000 12000-14000 23.7 689 2141°C
C16 20000 12000-14000 13.7 212 25/30/35/40°C
C17 20000 1000 13.7 212 25/30/35/40°C
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Fig. 3. Testsat ambient temperature for concentration of 19.5 g/100ml water. Response of tensiometer.
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Fig. 4. Testsat ambient temperature for concentration of 23.7 g/100ml water. Response of tensiometer.
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Fig. 5. Testsat ambient temperature. Suction versus MWCO.
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