





Unsaturate'd solls cover significant areas of the Earth’s land surface




Perched water table and depth of wetting front

Perched water table, water table located above GWT
(pore-water pressure is positive)

Depth of wetting front Depth of wetting front: Depth where soil suction is
affected by infiltration

Perched water table

Perc}faed water table
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Pore water pressure distribution

Profile a: Homogeneous low permeability soil
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Pore water pressure distribution in unsaturated soils

Sandy Soil Clayey Soil
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Matric Suction



In Situ Monitoring of Soil Suctions

Days from the start time of artificial rainfall
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In situ suction measurements
were made throughout the year
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In Situ Monitoring of Soil Suctions

Depth (m)
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Suction measurements in a weathered rhyolite
in Hong Kong (Sweeney, 1982).

Matrix suction at shallow depths showed a gradual reduction
during the rainy season, but, at 5—17 m depths, the soil suction
remained constant throughout the year. The pore water pressures
remained negative, even during the rainy season



Elevation (m)

Elevation (m)

Pore-water Pressures within Residual Soil Slope from Bukit Timah Granite at Yishun (Rahardjo
et al. 2001)
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Element of unsaturated soil

w = Gravimetric water content
0 = Volumetric water content
e, = Moisture ratio

MW VW
. w = 9 - 7
Air M, V
Contractile skin Soil particle G =S e V.,
(air-water interface) /_ €, =wl,=0.e6=—-
; A A A
Ma
Water ——
Vv,
M,
M, v
Vt
MS
v v

Source: Fredlund et al. (2012)



Dimensionless and Normalized properties

Dimensionless volumetric water content ® = Dimensionless volumetric water content
0 ®,, = Normalized gravimetric water content
O = 5 ®, = Normalized volumetric water content
s 0 = Volumetric water content
Normalized gravimetric water content 0, = Saturated volumetric water content
0, = Residual volumetric water content
0 = w—w, S. = Effective degree of saturation
" W, —w, S, = Degree of saturation
Normalized volumetric water content Sir = Residual degree of saturation
w = Gravimetric water content
O — 0-0. w, = Residual gravimetric water content
d QS -0, w, = Saturated gravimetric water content

Effective degree of saturation

g = 100=5,
1005, ,



Contractile skin, surface tension and matric suction

Molecule at
the air water «—

interface
Unbal force —
nbalance A
Equal force in all
Mol.ecul'e at ;{ E directions
the interior <+«—+——
water

Thorp and O’Neill (2015)



Contractile skin, surface tension and matric suction

Tensile pull is generated along the contractile skin to be in
equilibrium Pressure acting on the contractile skin (u) are perpendicular

: towards the contractile skin.
T, = surface tension

R, = membrane radius of curvature Vertical force due to the pressure difference at contractile skin can be resolved

T T by projecting the area of contractile skin to the horizontal axis:
L . Is
B ___| Projected surface \ /\//'3 i Au  AuCosa (AuCosa)L=Au(Lcosa) <
Z L cosa, =2r
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u 2
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Projection of surface tension around circumference in vertical direction: a ’

F, =27rT s f

b

Projected surface
L cos a

Based on force equilibrium:

F =F
Temperature (°C) Surface Tension, T, (mN/m) v, Au v, T
2. :

0 . r“Au =27rT sin 3

10 74.2

20 72.75 2T .
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Source: From Kaye and Laby, 1973. u, —u,, is known as matric suction



Capillary tubes of different radu

Magnified Capillary tubes

soil particles showing air-water
- Radius of r:Tzweniscus l interfaces at varying
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Capillary tubes of different radu

H =H,+H, ==k

P..&"

»» He = hg; Hp=-h ;H =0
he
> HT=O;HE=O; Hp=o
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:'HE='h; Hp=h;HT=O

https://courses.umass.edu/plecprep/fluids/2a2010.html



Component of soil suction

2800 { ¥ T - - B l
o Total suction {(psychrometer) |

5400 R * Matric suction (pressure plate)|
” » . . \ 4 Osmoti ction (squeezi
* Soil suction (s) can be either: L e e niaue) -
. . 2000 L \\—' Osmotic plus matric suction _%
1. Matric suction, ¢y =u, —u,, g H ]
2. Osmotic suction, T g %0
3. Total suction, ¥ =y + = 5 1200t
800
Osmotic suction related to the salt content in the pore w0l
water and can be defined as: i
0 L 1 L ! | 1
7= RTC  R=Universal gas constant = 8.314 J/(mol. K) 20 22 24 26 28 30 32

T = Absolute temperature (in Kelvin)
C = sum of molar concentration in solution (mol/L)

If there 1s no change in the salt solution, the influence Source: Krahn and Fredlund (1972)
of osmotic suction can be 1gnored.

Woater content, w (%)



Total suction based on thermodynamic
relationship

Richard (1965) Equation based on thermodynamic:

RT R = Universal gas constant = 8.314 J/(mol. K)
VY=- InRH 1= Absolute temperature (in Kelvin)
Vo @, Vwo = Specific volume of water or the inverse of the density of water (1/p,), m3/kg
—  — Py = density of water (i.e. 998 kg/m3 at temperature 20°C)
RH = Py _ Y ®, = molecular mass of water vapor (18016 kg/kmol)
Lo Uy RH = Relative humidity (in decimal)

u, = Partial pressure of pore-water vapor (kPa)
U,o = Saturation pressure of water vapor over a flat surface of pure water at the same
temperature (kPa)

. p, = Absolute humidity in equilibrium with any solution
At temperature 20°C: py = Absolute humidity in equilibrium with free water

Y =-1350221n RH

Example:
RH =0.9424; ¥ = 8010 kPa






Measurement of soil suction

* Direct measurement-directly measured pore-water pressure (matric suction)
* Tensiometer
* Null-type Axis translation apparatus (i.e. pressure plate, tempe cell)
* High-capacity tensiometer (HCT)
¢ Column test

* Indirect measurement-using secondary parameter to measure pore-water pressure (matric or total
suction)
* Filter paper
* Thermal conductivity suction sensor
e Thermocouple psychrometer
* Chilled mirror dew point psychrometer



Axis Translation Apparatus-Tempe Cell

Disassembled components of a Tempe cell;
(Courtesy of Soil Moisture Equipment Corporation,
Santa Barbara, CA).



Axis Translation Apparatus-Pressure Plate

A 5-bar ceramic plate extractor (i.e., maximum applied matric suction is 500 kPa).
(Courtesy of SoilMoisture Equipment Corporation, Santa Barbara, CA).



Chilled mirror psychrometer

WP4 chilled-mirror Water PotentiaMeter
(Courtesy of Decagon Devices, Pullman, WA).




Chilled Mirror (Dew point) Psychrometer

Source: Leong et al. (2003)

Mirror and photodetector | emperature
sensor
Fan
Sealed chamber Soil sample

Richard’s equation

p =L I RrH

VWO a)v

Range: > 300 kPa
Equilibrium times: minutes

Principles:

1. Specimen (1 to 5 mm thick) placed 40 mm diameter plastic container

2. Moved the specimen into chamber tray

3. Specimen is thermodynamically equilibrated with the chamber environment.

4. Fan is used to accelerates the equilibration process.

5. Cooling system is used to reduce the temperature on the surface of the mirror to the

10.

1.

12.

dew point temperature

A beam of light from LED is directed to the mirror and reflected back to photodetector
cell. When there 1s a condensation which signals dew point, light reflected from the
mirror 1s scattered and intensity detected is reduced.

Dew point temperature (T4) is maintained constant by a microprocessor circuit.
Resistance thermometer embedded in the mirror or thermocouple is used to detect the
temperature of the mirror (Ty)

Infrared measured the temperature of the chamber which 1s assumed to be the
temperature of specimen (T)

Vapor pressure and saturated vapor pressure at the same temperature are computed by
using the dew point temperature (T,) and specimen temperature (T;) and psychrometer
constant ()

u_v:uvo (Td)_j/psy (T.; _Td)

Relative humidity is then calculated from vapor pressure and saturated vapor pressure

RH =

qu
Richard’s equation is used to calculate the total suction



Challenge 1n measuring soil suction

* Direct measurement method:

* Limited range of suction measurement
 Limited measurement duration due to air diffusion

* Indirect measurement
* Long equilibrium time
* Accuracy

* Field/in situ measurement
* Must be portable
* Must have short equilibrium time to avoid delay
* Must have high endurance in measuring suction
* Must be maintainable






Time Domain Reflectometry (TDR)
Moisture Sensor

Courtesy to: Wykeham Farrance Singapore

I//='

TDR sensor propagate voltage pulse down a line into the soil
and then reflected at the end of the probe with wave guide

(rod)

Measurement is done by measuring the duration required
by the pulse to come back

Disadvantage: Sensitive to salinity, Slower response (about 10s)
Advantage: Less sensitive to soil type

2.1 TRIME-PICO64

For in situ monitoring of volumetric moisture in
soils. The large measuring volume is particularly
suitable for applications in heterogeneous and
skeletal media. Burying capability for both hori-
zontal and vertical orientation.

5m or 1,5m cable length

Screw thread:
M28x 1,5

Temperature Sensor is
placed in a depth of

Smm behind the
probe body.

160mm

Rod diameter: &mm

E—
— amn—|



Installation

%

%

Rods Inside the soll
Use special Hand Auger Set for
only molsture measurement Sy optimel drilling into the soil.

For preboring use our
Preparation sets

For vertical installation use our
extension tube

Bury vertically
Measure moisture and temperature




Material Calibration

Moisture sensor is calibrated to a specific material. Example:

Your TRIME measuring system operates with a universal calibration for mineral soils as a standard.

The following parameters limit the application range of the universal calibration:

= Clay content: >50%

= Organic content:  >10%

= Bulk density: <1.1kg/dm?3 or >1.7kg/dm?3

Material calibration is required if the soil does not meet the standard specification



Material Calibration

Courtesy to: Dr. Alfrendo Satyanaga

Bos I GEOVA . . . .
Witteveen Wi Soil Moisture Calibration Sheet
Project title: Soil and Instr ion at 8 Slopes Date of testing : 28-Jul-19 Test by: lan / Boon Han
Site: NTU CEE Slope facing Nanyang Drive Location of testing: Geonamics Lab Checked by : Rozy
Sensor Type Soil Moisture CS616
Sensor No | Column 1 Column 1 Column 1 %%error with ori | %error with Column 2 Column 2 Column 2 %error with ori |%error with Column 3 Column 3 Column 3 %error with ori |%error with
Target VWC period (pus) Measured VWC |calibration new calibration |Target VWC Period (ps) Measured VWC |calibration new calibration | Target VWC period (ps) Measured VWC |calibration new calibration
1 0.135 22.19 0.139 0.400 0.150 0.317 29.82 0.368 5.100 2.065 0.439 32.58 0.472 2.700 3.046
2 0.135 21.71 0.127 0.800 0.606 0317 30.01 0.375 5.800 2.835 0.499 32.68 0.476 2.300 2.486
3 0.135 2191 0.132 0.300 0.296 0.317 28.90 0.336 1.800 1428 0.499 33.28 0.499 0.000 1014
< 0.135 21.23 0.115 2.000 1.320 0.317 30.26 0.384 6.700 3.876 0.499 32.44 0.466 3.300 3.818
.60
0-6 0.6 Remarks:
5
> :
E 0.50 % 05 0ld calibration Equation y=-0.0063-0.0063x+0.0007x"
£ 0.
£ g ) .
£ s New calibration equation y =0.009ge"* ™
8 0.40 S 0.4
€ b
8 i g ' with new calibration, the reliability of the sensor is =4 % VWC
x
£ 030 2 03
S é This is cause by the higher density and electric conductivity
v .
© 020 202 / of the soil in the project sites.
E S ‘/ Target
3 e ‘g
: 0.10 - g 0.1 @ OriCalibration
]
o ® New
£ Cafaration
0.00 o
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Period (iS) Target Volumetric Water Content (V/V)
Figure 1: b period Figure 2: Target volumetric water content

vs measured volumetric water content

vs measured volumetric water content




-requency Domain Reflectometry (FDR)
Moisture Sensor

Cheaper, smaller and faster but very sensitive to soil type due to
complex electrical field around the probe

Oscillator propagate an electromagnetic signal through a wave guide. https://soilsensor.com/articles/capacitance-frequency-

_ , frequency-domain-reflectometry-fdr/
Difference between output wave and return wave frequency is I _

measured.

Dielectric constant is measured from the change in frequency of a
reflected radio wave or resonance frequency (Kelleners 2004)

Dielectric constant of water (80) is greater than dielectric constant of
soil solid (glass 5 to 10, paper 2 to 4, body tissue 8, soil 4, air 1)

Soil with more water has higher dielectric constant and correlation
can be made






Soi1l-Water Characteristic Curve

Water content

ok w

T
Insular air saturation | Fuzzy air saturation
|

Pendular air saturation

Designation

Advantages

Disadvantages

|
. Residual water aontent

|
T p‘- : Residual line
] 1
| S |
__________ R i Ui gy S R i i g
Boundary effectzone | Transition zone 1 Residual zone

of saturation (SWCC-S).

Gravimetric water
content, w

Volumetric water
content, 6

Degree of saturation, S

Consistent with usage in classic soil
mechanics

Most common means of measurement
Does not require a volume
measurement

Reference value is a “mass of soil”
which remains constant

[s the basic form that emerges in the
derivation of transient seepage and
fluid storage in unsaturated soils
Commonly used in databases of results
obtained in soil science and agronomy

Most clearly defines the air-entry value
Appears to be the variable most closely
controlling unsaturated soil property
functions

Does not allow differentiation between
change in volume and change in degree of
saturation

Does not yield the correct air-entry value
when the soil changes volume upon drying

Requires a volume measurement
Rigorous definition requires a volume
measurement at each soil suction

Is the designation least familiar and least
used historically in geotechnical
engineering

Requires a volume measurement
Although volume measurements are
required, the degree of saturation variable
does not quantify overall volume change

One of the most important properties for unsaturated soil analysis.
The Y axis (water content) can be either gravimetric water content (SWCC-w), volumetric water content(SWCC-0) or degree

Air entry value (AEV) can only be determined when the Y axis is degree of saturation.

0 and S, can only be accurately determined if volume change (shrinkage and swelling) is considered.
Shrinkage curve and SWCC-w can be used to determine SWCC-0 and SWCC-S.
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Time Domain Reflectometry (TDR)
Moisture Sensor

CO urte Sy to: Wyke h am Fa rrance S| nga pO re For in situ monitoring of volumetric moisture in
soils. The large measuring volume is particularly
suitable for applications in heterogeneous and

skeletal media. Burying capability for both hori-
zontal and vertical orientation.

5m or 1,5m cable length

TDR sensor propagate voltage pulse down a line into the soil
and then reflected at the end of the probe with wave guide

(rod)

Measurement is done by measuring the duration required

Temperature Sensor is

by the pulse to come back
placed in a depth of g E E E
Smm behind the S w1
probe body. - = - &

Disadvantage: Sensitive to salinity, Slower response (about 10s)
Advantage: Less sensitive to soil type

160mm

Rod diameter: &mm

}'—40mm —-{

63mm



Tensiometer

Service cap

*O" ring cap seal

Depth level

Port, molded into
side wall of
body tube

Heavy clear plastic
cover plate

Vent screw

Bourdon vacuum
gauge

Backup washer

*0" ring stem seal

Plastic body tube

(’

High air-entry
ceramic cup

Source: Fredlund et al. (2012)

1. High air entry (HAE) ceramic disk to separate air with water at the water
reservoir

2.  Water pressure (read at bourdon vacuum gauge) at the water reservoir will
slowly decrease according to the soil specimen pore-water pressure (u,,)

3. Frequent flushing at the water reservoir 1s required to development of air
bubble due to diffusion

4. Contact between specimen and ceramic disk is important. Some recommended
method:

1. Kaolin paste is placed at the ceramic disk

Typical range of suction measurement: 0- 90 kPa (limited by cavitation)
Cavitation will occur around 70-100 kPa. The range drop when there are
a lot of impurities in water

Equilibrium times: Hours



Cavitation

Cavitation: Formation of vapor bubbles in liquid due to a decrease in
pressure (water is under tensile/rupture)

Atmospheric pressure (Py,,) is approximately 101 kPa

absolute pressure (0-gauge pressure)
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a
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Source: Lu and Likos (2004)

Triple Point

(273.15K| 0.61 kPa)

Temperature (K)

oS5

VAPOR

Gauge pressure = Absolute pressure - Py

Why soil suction can be very high i.e. 1000000 kPa?

If the radii of the cavitation nuclei in the water are
sufficiently small, the water will be able to sustain high

tensile stress without undergoing cavitation (Fredlund
et al., 2012)

Why do we care with cavitation?
It limits our ability to measure suction



Polymer Based Tensiometer
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Ceramic disc HEX 27

)Geotechnical Tmz mm

Testing Journal
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Harianto Rahardjo, Yuanjie Shen? Daryl Lee Tsen-Tieng,® 14 mm

Johnatan Ramos-Rivera,” Xue-Feng Nong,” and Abdul Halim Hamdany’ Fig. 3. Schematic drawing of NTU Osmotic Tensiometer (1) PAA-35X Keller Transmitter and (2) New design of cap.
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New Osmotic Tensiometer
Development




— NTU Osmotic Tensiometer Moisture sensor

Field Monitoring @

180 0.4
International Soil and Water Conservation Research 10 (2022) 586—596 160 A F 0.35
Contents lists available at ScienceDirect SR 140 1 - 0.3
i oo ~ 120 -
« . ~ Rectuarch < B
International Soil and Water Conservation Research & 100 [ 0.25
= - 0.2 @
journal homepage: www.elsevier.com/locate/iswcr 9 30
=2 - 0.15
Original Research Article © 60 A
\ ; . 2 : - 0.1
Field instrumentation for real-time measurement of soil-water ) 40 1
characteristic curve el 20 - - 0.05
Abdul Halim Hamdany °, Yuanjie Shen ?, Alfrendo Satyanaga °, Harianto Rahardjo ©°, 0 0
Tsen-Tieng Daryl Lee °, Xuefeng Nong * 23-01-20  02-02-20  12-02-20  22-02-20  03-03-20  13-03-20  23-03-20
* School of Civil and Envir: al Engineering Nanyang Tec wical University, Block N1, #B81a-01a, 50 Nanyang Avenue, Singapore, 639798

® Department of Gvil and Environmental Engineering, Nazarbayev University, Nur-Sultan, 010000, Kazakhstan Nata

€ School of Givil and Environmental Engineering, Nanyang Technological University, Block N1, #1B-36, 50 Nanyang Avenue, Singapore, 639798
4 CUGE Research, National Parks Board Singapore, 1 Cluny Rd, Singapore, 259569

0.50

ARTICLE I NBO ABSTRACT (b)
Article history: Suction measurement has a vital role in unsaturated soil analysis. However, measuring soil suction re-
Received 28 November 2020 mains a challenging task due to a number of issues such as the limited range of suction measurement, k= 0.40 -
Received in revised form cavitation, or long equilibrium time. It is even more challenging when the suction measurement is to be $5) - - - - - -
26 January 2022 carried on the field. Hence, the development of a new suction measurement device which is able to =]
A@pwd 26 Jmu‘"y 20 measure high suction range for a long duration without tedious maintenance and yet portable enough for <
Available online 11 February 2022 a = 2 3 e = = o

site measurement is required. In this study, a new sensor which is referred to as NTU Osmotic Tensi-
Keywords: ometer was developed along with the method to correct for decay and temperature. The NTU osmotic q"‘_, 0.30 -
Suction measurement tensiometer is based on polymer swelling capacity in order to measure in-situ soil suction in real time for =
Tensiometer a very long duration. It requires minimum maintenance as the polymer-based sensor is not affected by =
Moisture sensor the cavitation phenomenon. However, correction for decay and temperature is of paramount importance -~
swcc and therefore explained in this paper. Verification of the NTU osmotic tensiometer was carried out by 2 -
Field measurement comparing the field measurement results from the NTU osmotic tensiometer and the small tip tensi- = 0.20 -

ometer. The performance of the NTU osmotic tensiometer was found to be comparable with that of the g

small tip tensiometer, but the NTU osmotic tensiometer is able to measure more than 100 kPa soil = | |

suction. Therefore, it is possible to obtain the field soil-water characteristic curve by combining the 'g O EX})eL‘llllellTal Data

measured in-situ soil suction from the NTU osmotic tensiometer with the measured in-situ water con- :) 0.10 - b —— \

tent from the moisture sensor as illustrated in the paper. ' x Field measurement o

© 2022 International Research and Training Center on Erosion and Sedimentation, China Water and " e ~
Power Press, and China Institute of Water Resources and Hydropower Research. Publishing services by Feng and F1 edlund 1999 (Dl} lllg) ~
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY- R Feng and Fredhmd 1999 (Wertine) ™= -
NC-ND license (http://creativecommons.org/licenses /by-nc-nd/4.0/). 0.00 - r . - .
0. 01 1 100 10000 1000000

Matric Suction u,-u, (kPa)



Field Monitoring

Hamdany et al. (2020)




Decay Problem

CSRME

-
Contents lists available at ScienceDirect Journal of

Journal of Rock Mechanics and
Geotechnical Engineering

journal homepage: www.jrmge.cn

Long-term decay of the water pressure in the osmotic tensiometer

Hengshuo Liu®®, Harianto Rahardjo ", Hejun Du ¢, Abdul Halim Hamdany ¢

2Environmental Process Modelling Centre, Nanyang Environment and Water Research Institute, Nanyang Technological University, 1 Cleantech Loop, 637141,

Singapore

bInterdisdplinary Graduate School, Nanyang Technological University, 50 Nanyang Avenue, 639798, Singapore
€School of Civil and Environmental Engineering Nanyang Technological University, 50 Nanyang Avenue, 639798, Singapore
dSchool of Mechanical and Aerospace Engineering, Nanyang Technological University, 50 Nanyang Avenue, 639798, Singapore

ARTICLE INFO

Article history:

Received 24 January 2022
Received in revised form
6 April 2022

Accepted 15 May 2022
Available online xxx

Keywords:

High suction measurement
Osmotic tensiometers
Long-term pressure decay
Polymer leakage
Viscoelasticity of polymers

ABSTRACT

Matric suction is an important state variable required for the assessment of unsaturated soil properties.
Tensiometers are commonly used for direct matric suction measurement but have a limited measuring
range up to 90 kPa due to the cavitation problem. Osmotic tensiometer (OT) can improve the measuring
range of tensiometers by increasing the osmotic pressure of water to avoid the cavitation. However, the
long-term water pressure decay that appeared in OTs caused a gradual decrease in their measuring
range. In this study, crosslinked poly(acrylamide-co-acrylic acid) potassium salt (PAM-co-PAAK) was
used for the preparation of OTs (five in total) to explore the mechanism of water pressure decay of OTs.
The maximum water pressure in the OT versus the volume fraction of polymer filled in the OT was
described based on the Flory-Huggins polymer theories and validated using WP4C dewpoint hygrometer.
The long-term pressure decay of OT-1, OT-2, and OT-3 was observed for 130 d and constant pressures
were found for OT-1 and OT-2, indicating that the pressure decay of OT was mainly caused by the stress
relaxation of the polymer hydrogels, and standard linear solid (SLS) rheological model was appropriate to
fit the decay data. For OT-1, OT-2 and OT-3, the theoretical osmotic pressure that was calculated based on
the mass of retrieved polymer from OTs after 130-d pressure observation was higher than the actual
osmotic pressure as observed, indicating that polymer leakage cannot explain the pressure decay of the
OT. The ultraviolet—visible (UV—visible) spectrophotometry examined the change in polymer concen-
trations in the water containers of OT4 and OT-5 and demonstrated that there was no increase in
polymer leakage during the period of pressure decay of OT-4 and OT-5. As a result, the pressure decay of
OT was not caused by polymer leakage. The results of this research suggested that the viscoelastic
properties of polymers should be taken into consideration in further OT development.

© 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Polymer Synthesis

Liu, H. et al. Géotechnigue [https://doi.org/10.1680/jgeot.21.00108]

Use of synthesised polymers for the development of new
osmotic tensiometers

HENGSHUO LIU*, HARIANTO RAHARDJO+. ALFRENDO SATYANAGAF and HEJUN DUS§ — -
0 NH,, (@) ONa

Compared with conventional water-filled tensiometers, polymer-filled osmotic tensiometers (OTs) can

measure a higher matric suction by increasing the osmotic pressure of the water inside the tensiometer.

The measuring range of an OT is equal to the osmotic pressure of water inside the OT. All previous N
research has used commercial polymers in developing OTs and the mechanism of long-term pressure [
decay of OTs was not found. In this study, polymers including polyacrylamide (PAM) and sodium
polyacrylate (NaPA) with different degrees of cross-linking were synthesised by ultraviolet = . n
polymerisation to develop new OTs. Long-term pressure variations of OTs indicated that the

pressure decay was more likely due to the stress relaxation of polymer materials instead of polymer (@) )
leakage. PAM-filled OTs have a faster stress relaxation behaviour than NaPA-filled OTs, so that they
can keep constant pressure (i.e. constant measuring range) for a long time and there is no need for
pressure correction based on the pressure decay rate. However, the measuring range of PAM-filled OTs
1s lower than that of NaPA-filled OTs. The result of matric suction measurements demonstrated that the
proposed OTs can be used to measure matric suction both in low and high ranges with fast response and

high accuracy. Degree of cross-linker

Fig. 1. Structural formulas of (a) polyacrylamide (PAM) and (b)
sodium polyacrylate (NaPA)

KEYWORDS: field instrumentation; monitoring; suction
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Keywords: Soil suction measurement is required for the analysis of slope stability and soil-structure interactions 200
OSmf"iC tensiometer unsaturated soils below transportation infrastructures. Osmotic tensiometers (OT) can measure so
Suction higher than 1000 kPa but suffer from the pressure decay problem. The OT filled with cross-linked polya 0 :
3’2’;’:& :;Sts can maintain a stable pressure for a long time but the research on this type of OT is quite limited. In t 0 2
salt effectg the behaviors of OTs filled with synthesized non-ionic cross-linked polyacrylamide were investigat

mentally and explained in accordance with Flory-Huggins polymer theories. A generalized calibratior

was proposed to reduce the pressure fluctuation of OT caused by temperature. The pressure variations ¢

were observed for more than 100 days and several cycles of drying tests were conducted. The results show that
the pressure of the OT recovered after it was dried in the air for tens of minutes. In contrast, a slight pressure
decay appeared when the OT was dried in the air for several days. However, as more cycles of drying tests were
conducted, the pressure decay caused by the drying tests gradually became negligible. The relationship between
the pressure of the OT at the end of observation and the volume fraction of the polyacrylamide inside the
chamber of the OT was established by considering the confinement effect on the polyacrylamide hydrogel inside
the OT. Finally, it is proved that salt solutions will not affect the pressure variation of OT filled with cross-linked
polyacrylamide so the OT measures the matric suction of the soil.
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ABSTRACT

Soil-water characteristic curves (SWCC) are one of the most essential elements of unsaturated soil properties, yet
the insouments employed for acquiring them have distinct limitations, for example, the tests are time-
consuming, tedious and costly. High-suction polymer sensor (HSPS) with modified polyacrylamide (PAM)
polymer is an alternative of measuring soil suction that relies on osmosis pressure rather than capillary pressure
alone. The sample examined originated in Astana and was defined as clayey sand (SC). The ambient temperature
of the Astana soil (sample 1) was used to assess soil suction using HSPS, which was verified by typical unsat-
urated equipment such as the Tempe Cell and dew-point potentiometer (WP4C). Once confirmed and SWCC was
formed, the HSPS was utilized to detect soil suction during freeze-thaw cycles to simulate the climate in Astana.
Based on the durability test, with the anticipated outcome lasting up to a year, PAM can resist the pressure for
=200 days. Additionally, the modified PAM generated a stable response compared to the conventional PAM. The
results from laboratory testing indicated that sample 2 has a greater average suction during freezing, while
sample 3 has a higher average suction during thawing. In general, freezing cycles should produce more suction
than thawing; yet, in sample 3, the water was still in supercooling stage, resulting in freezing having a lower
suction average than thawing.
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Stress State Variable in Unsaturated soils

e Saturated soil stress state variable
* Terzaghi effective stress

'— J—
c'=0-u,

e Unsaturated soil stress state variable:
* Bishop effective stress

o'=(oc—u,)+y(u,—u,)
o'=(c—u,)+xs
* Independent stress state variable

(o-u,) (u,-u,)

* Suction Stress

(G—ua) Se(ua—uw)
* Many more....



Why a lot of software still preferred to use Bishop effective

Bishop Effective Stress

O"Z(O'—ua)-l-)(S

stress:

1. Simple and easy to be implemented

2. Gives reasonable result for shear strength related
problem

3. v is often replaced by degree of saturation (S;) and

hence easy to determine

Controversy regarding effective stress:

.

The value of y when determined for volume change was
found to be different when determined for shear strength
(Morgenstern, 1979).

The collapse phenomenon which was observed in the double
oedometer test by Jennings and Burland (1962) invalidates
the concept of effective stress as the inundation which
decreases the value of effective stress causes the soil to
decrease in volume while it is expected to increase in
volume.

The y parameter is commonly related to degree of saturation
which often leads to significant error and unrealistic value
especially for clay (Alonso et al., 2010).



Shear stress, T

Independent stress state variable
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Change in net normal stress and suction affects shear
strength and volume change by using independent
parameters

d(Omean - Ua) ~_ | NJ '\\ ', AV, V)
' N BT \k’ % (Us - )
AV, / Vo) A R ah Y
o ! ~ s ! b S
a(omean 4 u") B ', > I \l< :'(\ 'k\ "
\

Matric suction
(Us - Uw)




Thank youl!



