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Constitutive Relations for
| Saturated/Unsaturated Soil Mechanics

|
I Fundamentals of Soil
| Mechanics in One Diag_ram
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Surface Water is an outcrop of Groundwater
Springs, Streams, Lakes, Wetlands, etc.

Example: Stream-groundwater interaction

gaining
____ stream
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stream —_
— e —

water table
contours
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Geo-Environmental Relevance of Surface
Water - Groundwater (SW-GW) Interaction

» Slope stability
» Contaminant exchange (SW — GW)
- Aquatic habitat (e.g. fish, invertebrates)

» Groundwater-dependent ecosystem (GED)
flowers, insects, fish, birds, mammals

» Maintenance of stream baseflow
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water level (m)

Sustainable Water Resources Development
Integrated management of SW and GW

Recharge - Discharge = Storage change
(groundwater level T!)

recharge
dominant

T ’-’ >
discharge “ /'
dominant

Water Level in ‘Undisturbed’ Aquifers
Data from GW monitoring wells in Saskatchewan
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Recharge — Discharge =0

On a long-term average, recharge and discharge
are balanced in ‘undisturbed’ systems.

Pumping Disturbs the Water Balance

Recharge — Discharge — Pumping = 0

Significant reduction in discharge.
Pumping is still smaller than recharge.
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Summary of Pumping Effects

No pumping

Decreasing
storage

‘Capture’ of
baseflow

SW-GW Exchange and Aquatic Ecosystems
» Maintenance of baseflow during dry periods

* Temperature regulation
- Cold water in summer, ice-free in winter

= Spawning grounds for fish
- Nutrient and oxygen supply

» Supply steady water source for riparian plants
- Riparian corridor provides wildlife habitats

Shallow groundwater exchange is a major
component of water balance.

Groundwater flow in low-K till is very slow,
very minor component of water balance.

van der Kamp & Hayashi (2009. Hydrogeol. J. 17: 203-214)

Effects of Riparian Trees on Water Level
Wetland S$109, St. Denis NWA
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Rate of Water Loss Increases with Shoreline

water loss (mm/d)

Re-analysis of 35 wetlands from Millar (1971)

diameter of pond (m)
5 500 100 50 30

Saskatoon
July 1969

0 0.1 0.2
shoreline/area (1/m)

van der Kamp & Hayashi (2009. Hydrogeol. J. 17: 203-214)

Water Balance of Prairie Wetlands
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Implications of the Wetland Study

Prairie wetlands exist because of the runoff water
from uplands.

—» Restoration/preservation of wetlands should
consider the wetland-upland complex beyond
a narrow riparian zone.

Permanence of wetland ponds depends on:
(a) Runoff input — size of drainage basin
(b) Summer recession — groundwater exchange

— SW-GW interaction controls the variability in
wetland hydrology.

— Biodiversity depends on “hydro-diversity”
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SW-GW Interaction in Geo-Environmental
Education: Challenges and Opportunities

The subject is highly interdisciplinary.
- Hydrology, hydrogeology, micro-meteorology
- Aquatic ecology

— Emergence of “biogeoscience” and “eco-
hydrology”.

Students need to be educated in diverse fields of
studies. How do we balance the depth and breadth
of training?

This is an excellent opportunity to integrate geo-
science with bioscience, and attract more students
to geo-environmental science and engineering.

Summary

» SW is almost always connected to GW.

« SW-GW interaction has many important
applications in geo-environmental engineering.

» Students need to have a broad knowledge base
to understand the SW-GW interaction and its
environmental implications.

» The scientific research community needs to
reach out to the public to gain their support.
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Various experimental scales
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Current research projects 7EY 7ML NAPLR i, R RIS LB T K 5

NAPL migration/removal

Aquifer characterization

Vapor intrusion

Intelligent wireless sensing ﬁ

Landmine detection
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3.2
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andmines

DOD (2002), D

The United Nations (UN) estimates that it will cost over $33
billion to clear the approximately 100 million landmines

strewn throughout 64 countries including Asia (DOD, 2002).

The United Nations and the U.S Department of State
declared that landmines are “one of the most widespread,
lethal, and long lasting forms of pollution” (GICHD, 2003).

science and tec

list: Section 2: Armaments and energetic materials
technology. In DOD (ed.) Defense Threat Reduction Agency, Ft. Belvoir.

Geneva Intemnational Centre for Humanitarian Demining (GIHCD) (2003), A guide to mine action.

GICHD, Geneva, Switzerland.
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I

andmines

o Target size = 10~20 cm
o Depth = about 10 cm to top of mine (shallow)

o Detection methods:

= RADAR (electromagnetic)
= INFRARED (thermal)
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Shallow subsurface

o RADAR - affected by spatial and temporal soil moisture
distribution

o INFRARED - affected by spatial and temporal soil
temperature distribution (depends on soil moisture)

o Soil moisture/temperature - affected by heterogeneity
such as soil pockets, rock, other objects.

o Need for understanding how water is retained in the
I shallow subsurface

o Under various surface conditions (wind, rain, heat etc.)
o Fine resolution needed

TDEREBYBENTIZEET L0\, £
THEMICBEIND, ZOJOWKRET, EL B
Fel, TR R TLFFLE2AF, YoLIIC
BARINTCNENEFANNNLENDHSL, %M%i&%
IZ2GAVWOT, AR BXRORE LY RaoR Er
25, 20D, B L KHEOELT, é:@ctv TR
KEINUONDNE B D E By i8R T 20903
B&)CThst, 22TRATLE1L, FEFITNIWER
ENBRINLZLTHS, 10em{HEWDEDE S R
LHIZIE, NN T OBGRE CTIRETLILENDHL

LRXFEDOGBENLRLYIEE IR THD,

3.3 Xrkorat

Methods

o Gravimetric method
m destructive

o Gamma-ray, X-ray
m radiation
m Large probe/device
m expensive

o Dielectric methods;
= GPR = non-destructive
s sensors (TDR, ECH:0 sensors, Theta probe etc.)
o least-destructive, relatively small, inexpensive

TDERELZRLIZEL, A—T VNN TEEL R
LHFENCAETLN, IR CHLED BIRMEND
W\ AV THR, Ty ZFRYANIDIL, KA RO R B
Ta—T7NRKRENSEY, RGN OEWNEECTH-
=0, EFICTANYIIE W, X 2T, TELAVLR
LHEFENFEEERTHL, GPRRIZEARS (213 E NS
— 8 —TCHERLEDIEIE TR EN T RETH L,
VA=Y EBEFRTRWAEEDIZIZ, TDRE =R N LED,
RATL, 23 To—7verldnsE00 8 Kb
W5, DML —FTa—Tvhn, (Dt
H—REIN U5, INLDEYHF—IT, 3?@2%?\
LWHHBE R TEL\WD T, = ARSI SR ERL
oo FETZNYIZE RO EN DD,

Soil’s dielectric p roperties

o Soil > mixture of three phases; solid, air, &
water

o Dielectric constant K;
= determines electromagnetic wave transmission velocity
m Ksolid = 4~6 (typical mineral grains)
m Kair=1
m Kwater = ~81

I o Apparent dielectric constant (Ka) - strong
function of water fraction

AR LI IR TYREEQDIB DR ESEKRT
HY, FEETCL, FERIENEREIIKRF
Thb, ZDIALIN) w7 - ZZ UK, KEWIEDId &
=P i%Eﬂi&ﬁ‘%@%’g@“F'éﬂx’]%@"%ﬁ)‘ﬁﬁi
y)%%@f%é 3B DT, R, RORBNHS

AN E R DO E&—?‘——‘i%o/ﬂ\% — Rz ey
ZEBORMEIZEALUIL~ODF = —THY), =

41, KIZBEIZL-TE T RIA T4, £980TH
%, 2%, ROFBERIZIND2B I A —5 —
HEIDT, ZO3RDIREHRLL UL, IBREHRYLTD
TOFERLNIDIL, KRy EICL->THEIND,

Time domain reflectometry

o Since Topp et al. [1980]

o Simple probe, easy to install

o Unigue relationship between Ka and ¢
0=43x10°K} -55x10* K2 +2.92x10 %K, -53x10"?

o Still widely used.

INATOR7 e —7 ek N 55D, 19804 (ZTopp
DX ERERL AR, BRIZELIZU-EFETH
L, FEICHELRE T, WRORELEH ThHo,

DXL, 2L LIRICHLC, KB O
SEZLT@”"%?r@Feﬁ AR ARDEENHLDE T
LEZYTHhoH, 2 Ak, 30F oAy, REZIZHEE(IC
FEHNTNWENTHS,
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( :ﬂpilCii'ﬂ]]CL‘ SCNSOTrSs

o ECH20 sensors

» EC-5 (soil moisture)
= TM (soil moisture, temp)
= 10HS (soil moisture, 10cm)

I = 5TE (soil moisture, temp, EC)

= New stainless steel sensor to be released soon

RALUEONTECNLT ATV RN LR RINT
WL =55 A@Z“%Mi*ﬁ’e‘/ﬁ‘—ﬁ\“ﬁf
WhoZznZh, EKELITEZRILED, BECER
fZEZ B 72, RANDINT T T —| -"’;A/f:‘t'/#—
NHTNE, RIFOFM L, ATV LADEYH—%
BETLLITHL, TNXIEFNT, F x> ~L0S6I6Y
VIDH, DD ERTREPLNTEEY), ZTHLLORH

’l $TCld, 650, 655X VIR XDEIE RAZEH K Y

FErB L0 BRIZREINLLDFTHD,

Calibrating the sensors

o Objective:
Sensor output X = want to find water content @

o For TDR,
Measure X=Ka and convert to ¢
1) using known Ka-# relationship

0=43x10°K} -55x107* K2 +2.92x10% K, ~5.3x107"

2) develop your own Ka-# relationship

o —DX )T L—avld, TT U= e
TINT T BHY, %m%*wtx\%@t:'}*ﬁ%’&%o =
T, =X ENIT TN T v B L TEREL,
AN E KRG BIZEZHEDTHS, TDRDI
I2id, 2o —FERKoEH 773“%@75\ ;tZAJZ T
HY), ZDH S 12 ToppDIR ANEE I, B 55 THIR R
OTEWEEBTEKREZRDS,

Calibrating the sensors

o What about sensors with X#Ka?

o One-step (direct) calibration

e.g., Topp et al. [1980, WRR], Inoue et al. [2007, Am ] Environ Sci],
Sakaki et al. [2008, WRR]

o Two-step (indirect) calibration

e.g., Jones et al, [2005, VZ)], Blonquist et al. [2005, VZ)], Bogena et al.

[ | [2007, 1. of Hydrology]

—F MO —THFERLE LWLy
F—=DFHEITL, TVATy T X x)TL— a0
FFEY, ATy T X )TL—ar v\ ED2
EENELLND,

One-step calibration

o Directly relate X to @
= X-¢ relationship required

=1
o

=]
s

o
w
4

Water content 0
=y
(%)

(=1

o ."
300 400 500 600 70O 800 S00 1000 1100 1200
Sensor output X

TUAT 7 X )T =T ar o Eld s =07
TNT N BB SREIZRZLLIT ETHL, £
H—DH 7’7@&‘\7J<=§@B§1¥72$ﬁﬁ ZROTEBW
T, B —03012 OOOZ\\7771\7°/I\%»EHﬂL/<%?
LYoy, Inke 7J<§®_3“7“:y> 23, ZoRiRE
{EIXNIEDTH 5,
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Two-step calibration

o STEP 1) obtain X and relate to Ka

» Prepare standard solutions with known Ka
u Develop X-Ka relationshlp
m Ka cross-checked using reference device (network analyze

m Accuracy of Ka cross-check?
o STEP 2) convert Ka to ¢ using known Ka-¢

relationship
m Ka-¢ relationship applicable to your soil?

o We focus on one-step calibration.

V=277 - F)T—Tavid, TV RWMICES T
—TINT N FBEROBIZLZROTHE W, # 2 NL
FERLE SR AR EEREAFR LR A 2R -
THEWTHREERT 5, MBS YL UL, Z0BER
BOFZFERZzPIOBM TR 7Y, 710 B K TH)
DR TR SENT2ED0DT, EIZE FOERM
ﬁ‘?’%%@& AT 722 LT, 4:"/*?‘—0)77[\7"‘%\’2&1

CELTC KNG 0 IZE BT LBIZZRANEAWLIY
fz\’é Fons,

Conventional one-step calibration

o Record sensor output X at various ¢
o Fit mathematical form (e.qg., linear, quadratic, etc.)

Water content o
o o o
N w S

e

0 — |
300 400 S00 &00 70O 8OO 900 1000 1100 1200
Sensor output X

o Time-consuming

o Sensor-to-sensor variability not accounted for (sakasi et al. 2008,

BRI, TVAT T Fx)TL—vavid, (D
BEIRRDTEWT, ZZZHRE 74N TEBD
FRITE N, 2L, 2O EERLDIZIEF I8
SR A AV ARG N L= P 77

Three-phase o-mixing model

o Solid, air & water vliie feationg

( ¢)K.sohd +(¢-9)Ka +9Ka

water

o a: geometry factor; how three phases are
geometrically mixed

O ¢: porosity

o For typical mineral soils, « = 0.5 (random
mixture)

o Works well for TDR (X=Ka)

o Need to know Ksoiid

Z2TC, HHOLEPNTCNERT, LDOFERILL
MFYELR, KOFEERDOERBE 0 EL2HEIT2ED
IZa\WiNT =28 28D TERINLIBIREET
WERAWS, 22T a \VVIDIETAAN)— T 778 —¥
"%‘:CMT\\% :I—_miil: i*ﬁ%bﬁk“‘“‘ﬁ\?/?

IZEXS2d0%0 — 892 a NOLSLEH
d/L’(:F)’) ARy iTDR%l I ELLMEZ5rEH
N5,

Two-point mixing model

o Robinson et al. [2005]
o Based on two extreme points (Kary & Ksat)

\/E=(1—§) K, +§\/Ki

O Kary & Ksat are readily measured
- More practical than 3-phase mixing model

o Ka-# - sole property of soils
o Works well for TDR (X=Ka)

IR B 1L, 2R T DOKax ROV WF LW ZT
Hb, ZZTCaby U, INERRRT L0120,
REBLBEARKETOFZTEEXRLROLRNEZREL(H
D, 2OXTIE a 905 TH5, LR -FDKaDIAN &L
>TWEDT, 3EORLNE FENBEFIPRILS
2FY, 2D2oDKAFEHEIZREL, 2L, Ka¥ 6
GDE?H%:L AR LOFEIZNL, COETILE

WmXUZLAY, TDRICIZFEFICH ZLUEZ 55 hH
#/L/(\\%o




Sensors other than TDR

o Often sensor output X = not Ka

. RAW count or voltage (mV) —

Period (in micro sec)

Voltage (mV)

| ~

depends on
———  Sensor
design

BEFBALNLZIT -4 —3, Kaz B ALY
W ZORBINZ, o= T N E b LEE R LA

FEELZBLEYD, Frr~LDHEI2IL, EVARZ W
VB OBEMTEHEETRT, =Y T =T DG
128, BETHAING, ZNLDBYIDIL, R A
B Zld =N DIINIRF SN T LN E
IR BEL U5,

Sensor design

o Conventional TDR probe
= bare metal electrodes
= simply serves as waveguide
m X-¢ relationship = soil property

o ECH20 EC-5

fiberglass-covered electrodes

BRSO —FT A4, TDRDG EIZIIAZ I
DTy RN T R '%ﬁzt\\ﬁi‘) BEROAA—TVTH
Lo ZD BRI > TCEBENRNG, A2 T 593,
#ziL, =2- 7“0 TDEC-5D3 & 1213, H\VES
DEBOFIZERPDERINEHIZL TS, 2D
LU=y RDEPITE QARSI AN-THY), 2B
BN EFOREZEFH-CWEN)T 20T, 20L9%E
DELTEELEB Ty — B AL e KREDHIAEE

® circuitry in the sensor head Ko WwWrWwtew, oF), ZoRi&lE, v —D
[ )s{enso;:?gldjss:r_:siti\:ity_[f.mumrjur:zom . FHAU LT boTUBYANITYD no,
m X-dr i hip < specific to sensor design
s it B eiising {e] FIY DRSS ETINERFEOIERL UK E
STPTCIERE s KBNS, ZOBTa 430603 &1l vEr Yy
o Derived from 3-phase mixing model [sakaki et ar., 2008) DETFIVY DEMIZT LN, 2 TEELOIL, a i
3 1) —. —
= (1= XSy + G =Xy + X SAAR TR R R CDAE, AT O
NEDINZERBELTCNENTRELH, 22TEHald
* TRICZNLIIIRE T ERDED, LV —DF

jx::,,

o General form of Robinson’s model («=0.5)
o = 0.5 = soil property

(2
Xo =(1—;-)ng

o «: sensor characteristics are lumped
= specific to sensor type

A, U —ZDEDNF > TOLF LN ID R
TZD a DFIZDNALDTIANSTNE, LENST, a v
WIDEEIE 05 TR L, Er S —lL-TENE H -
UbeIZXIZ b,

Conventional TDR

Oa = 05, property of soil

05
0.4
@
503
c
8
& 02
m
= + #70 sand
01 — Topp et al, [1980]
/ = mixing model
ol g~ ___® two points

0 5 10 15 20 25 30
X=Ka

35
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ECH20 EC-5 MECHETLVI2REY RS, L, 2oy —97
=YD, ERBENOS 2R LL)N LED

Ooa = 2.5, sensor-type specific LA, MENE D T N> UL\ IZYIZT S,
05
o #20sand
0.4 & #30sand
- o #50 sand
éca + #70 sand
g — Mixing
§ ® Twopoints |
gc.z-
0.1
0
300 400 500 600 700 80D 900 1000 1100 1200

Raw counts

ECH20 TM

Oo = 4.0, sensor-type specific

0.5

o #20 sand

0.4

03

0.2

Water content @

01

0
300 400 500 600 70O BOD 900 1000 1100 1200
Raw counts

ECH20 10HS

Oo = 4.6, sensor-type specific

05
o #20sand
04 & #30 sand -
e #50
b + #70sand
E b @ Two points
g — Mixing &
§ 02
01
]
500 600 700 &00 S00 1000 1100 1200 1300 1400 1500 1600

Raw counts

ECH20 5TE

Ooa = 12, sensor-type spedific

05

B 20 sand

Waler content 0

100 200 300 400 500 600 70O 800 500 1000 1100 1200
RAW counts
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CS616

Ooa = 2.3 ; sensor-type specific

0.5
= = Quadratic calib [loam)

0.4 —rixing model
f ® twopoints
803
5
(5]
0.2
-

0.1

0
10 15 20 25 30 35

Period [micro sec]

Theta pmbc

Ooa = 1.2 ; sensor-type specific \
= Lower accuracy for porosity > 0.57
1
-
0.9 -~ Data in manual {mineral) .
0.8 ——mixing model :
@07 [ 9 twope .
- .
§ 06 *
g 05 .
504
m
=03
02 -
01
0 L o
0 200 400 600 800 1000 1200

OCutput [mV]

Advantages of two-point model

o Requires only two extreme points Xdry & Xsat
= > easy to measure

o No intermediate X-¢ data needed
= = o describes the intermediate X-¢ curvature

o Sensor-to-sensor variation easily implemented
I m = sensor-specific calibration

Disadvantage of two-point model

o Not suited for X-¢ with higher non-linearity

O vill work well ¢ will NOT work well
= A - Y
g i ]
£ :
; - - . .

-
Sensor output X Sensor output X

o Accuracy also controlled by porosity

a a

_ X a ~ tdry ¢

- Xa _ o
sat dry

2B ETIVORTIL, fEFytafalk iETD2 &7
FZ2R LY ZDRFDOERDERSIIBEIZ ¢ X\NIBT
REINHEDT, 2—HF— @282 BNITR VY TH
L, 2FY), ferra koYY TV, HEREE
ZIVERERLDOT, ¥x)7L—var-ETLELT
DIE N FEILEE) R E 25, #(2, 287X C
I3, EHLVIER, FOHEDH S HLEE)
FELY, BEROBEDOF AN, R)EmnTnh
WZrThob,

B ERFLIHMBRENEZEHRHN-TNLDT, %
DREFENZDEE 0 ORIV ULL\VNIZX| Il
L, LENST, TRERWAEER S IR Fa DT, B fa
EIHERAEVGEEICZE, TRETCERICRNSDY, &
e RFEZRANZVEEICIL, MEBREL EFEIZALIZY
RENET 5200928 Th S,
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3.4 THOREEZESEDRERSZE

Soil “water” pressure

o Tensiometry
“hydrophilic* ceramic cup
well-established
well-documented

readily available

o Water potential sensor (MPS-1)
= relatively new
= accuracy suited for field application

o Based on “hydrophilic” porous materials

Soil “air” pressure

o Often assumed to be atmospheric

o Under certain conditions, air cannot be neglected
o “Hydrophobic” material required

o No well-established method

o We tested a series of materials/treatments

KEDBEILT VoA A= —% B2 EzN
HHEN, TUUA RA—=F =4, BIEIDH T, HAKNE
OMRa 749 7)D 19 TR FIZANTRILH ET
HY), BRIV DOT X AN R-THY), & mibis
NTOVTEGIINF TS, MRS ETHEL, 2721,
7;@»cy#—t:rf&oﬂiiVﬂ?e:.%%l/«vm*mf*

IRIXAYE N, 1272, YELERRED S ILE W H %
-7 I Z >\ 5,

— 7, RHELELEFOEIEREIZONWTUL,
FNTCLLELUIMN RN HENE N, ZDOEHYL

UL, ERUENEAREYIZRDIEL R LR E ST
L/ EMENNIDN—D2THD, 12121, BB DE
BRCL, EQEr2WO &AL WL BTV
BNHLYN)— B ThHL, 22T, RIEIZFRAKEDOH
FEEID, ELRUEZ RSS2, I ZBRREDOH
ﬂ"%%i%*k)\ﬂ%&bgﬁ‘%%o

Materials & treatments

4 materials & 4 treatments

Parous materials
{1) Poraus sfaz’.’nlse‘:f::el (3)Porous  (4) Woven
ceramic cup cup glass disc PTFE" sheet
A) Lenhard & Parker [1887] v
8.3
& B) Silicone-based water v
}Ea repellant compound
B :
e C) Fluoride-based waler
§ repellant compound v v v
E‘ D) Super Rain X v
T
E) No treatment v

+ Tested in this study
* PTFE sheet is hydrophobic

Performance tests

o Contact angle
= How hydrophobic?

o Water entry pressure
= Resistance to water pressure?

o Time lag
» How quickly does it respond when air comes in?

BRAKBEOHBYL UM 2RTFE LA, 1202
EBDOYLTIVIDR—=FTA 9T, R=FADAT /L
ARy T TR TUARY, R) 70y = X—=Th%,
R 7Oy R—3—2F7 7o DY —NCHY), MRS
bty BAREOM DT, B F IR
[EL T, 72720, 2H5D3-10d, drirzotErs
CHARELHHTHLENS, TNz MRNaT7xEy7(C
TLLENHDL, ZD=HI2, ZTITRLIEA~DY WIS
SDFFErAELE,

AMIAAINDIE S %2 BILE-DICABEINEFET
HY), BRERBONNFERLE-CRBESOy T2
KRIMIFT LT ETHL, TG, )Ty ~N—2
DRIV INTUR, Ty EX—=ADPH KTV X7 UR,
HIATUATINZEDIA VR - —)URIZAE AV X%
B, INSD4EEOM R Y/ —N)— N T
BRLELEEZRELL, ZOTHBICHLC, £7
BAZR -, B MNoT7rEy 7O EZ R EL
7

ZINIDG, ZOM RN NEITDREIZTZ LN L
Z, WRERBRTRIFELE, 3512, brirhan1\5%
RN E RPN STELLEZTORIRT ANV R
[IZoWTE Bt URSTL7=,
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Contact angle

o Air-dry condition

(1) Ceramic (2) Stainless steel

(3) Porous glass (4) PTFE

INZFNOBB (B KWL ER—FZ-H9 T, 2T
VA, R=F AT, N T T7ary Dy —ND
ELL WA WRREDEEXARIZTT,

Contact angle

o Under wet conditions

—&— Ceramic (LAP}
| gesonid
A— " =+ 0r- Ceramic (Flucride)
—e

<eies Stainless steel (Fluoride)

180

o
o

<]
o

T 8 Glass (Silicens)
b

@
o

Contact angle [deg]
g

= Glass (Rain X)

w
o

1 W Glass (Fluoride)

*—PTFE

o

0 1 2 3 4
Time under water [days]

Resuilts: Fluoride-treated & PTFE remained hydrophobic.

CORBTEMRALIALAK, 1BAKIZOHTTU
BE TAEMAZRLY VI ES248 )R L
FRERLTT, MM, NIy I TS
W Thd, FEFTNEELC, —FHEELERIL,
€737 TCLF—=R-TUR- = —DEDld, TCIT5E
NUERTELW, ZOMDEDIdHT) £ E1LE
W, FIY 0K AT, HAOVIIZN K TRED A EL
Tz

Water entry pressute

o Increase water pressure gradually

Mﬁl

Water penetrated

Water pressure increased gradually

EARDORBRTHICEHLTEEDORVEDIZI AL
N0, RIAY DR EDRIEIZIHZLN LD
RRET -1 B HBEZZNITN3I>T 27 7))L
PIATIZREL, v TR OREZR 2 IZERIE,
T 7582 IHT, HEYIHNLRNUSED, %
DBEDKREZZESEL O FHZTERLE,

Water entry pressute

g
=]

Water entry value [em of water]
sz @ 8 B
o L= (=] =]

0
o

T

Ceramic  Ceramic  Stainless Glass Glass Glass PTFE
(L&P) {Fluoride) steal (Silicone)  (Fluoride)  (Rain X)
(Fluoride)
Materials / treatments

o

Results: Fluoride-treated & Ceramic (L&P) resisted over 100 cm of walter pressure.

ZDORER, LAXILE P 77 930, 60cmAZ T
KRN US, R) 70y X—="—=EZ TR 7714
7(80cmAE E Ch 720 ZM KM DEDIZIMEEEZ, 58
ENDIIETIvITT v EN—ADIL R /R IEY
L7354, 2meB2 L8Ry -7,
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. g -l - )—
[ime lag
o Initially saturated soil & drain = apply +/- air pressure

40

30 -=- Ceramic (L&P)

-=- Glass (Fluoride)

Applied air pressure [cm of water]
[=]

Time [sec]

Results: Under Pwater = 10cm, only ceramic (L&P) showed time lag.

RIS, IALZ T DT AN ERRL-, rEriEns L
IZZNSDOHBZ AN THEWT, HKL, ZOBEKIZA
I 9(230cmD T RJEY B E BN 2B DB E 2 HE
Lz RIEOMRHIBEBIZRIET LAY, £F7397EF
12 FDIMLTTH RN,

Performance test summary

o Based on performance tests and other factors,
glass+fluoride was selected

Performance tests Other tatars.

Material (ireatment) é’;ﬂ_"|“ Mﬁr‘ Testd ‘m::;'w Easinessof  Inside
angle” [deg] Bl::num Time lag Irostment) treatment volume™*
Ceramic (L&P) 147 172 large 3533 difficult ediim
Ceramic (Fluaride) (-] 2 small 553 casy meduim
Sainless steel (Flucride) 7 114 small £ L3 oany M

Glass (Silicone) 105 101 nia s casy small

Glass (Fluoride) L3 138 small £ casy wmall

Glass (Rain X} 12 &0 nis £ L3 cany small
PTFE &8 81 small 50 nia minimal

* Bltoe & days

** Smaliar inside volume prefemed ko higher sansiiaty

3o MIZH T LR AY, VA —F— T )
—Tlyix—, ZNNLIA LT 7 DIRBRIZMZ, &
Br#ERMIOESS, HRFOR) 2—L52Fro
Lo h, R)a—22\ DI, T AA—I =¥ T
{FILEFDREIHNULDT, ZRAS ST
WIINBWEDT, ZD6TE B 2R S8R,
SBUINTAD T v EX—ADED %R =, 2L,
HEDHRIZE TS, A7 =)L/ NI S5 DK
HEDOTANZAW,

3.5 EHMREDKL REFRE

Utilizing sensors

o Soil moisture &= EC-5
0 Pwater = tensiometer (porous cup)

o Pair = hydrophobic glass (fluoride-treated)

Behavior in soil pocket

o A soil block embedded in background soil

ZZTEARILEDIE, &R EIZEC-bx\ ) — F /N ED
ot —nfE AL, KEICELUIBEDT VA A—
S—wlE AL, AL e NEH(Ho0, F
ROESFED Ty 7B ZEH D, INEHE KL
YED, EFRICERECEGNVBFELNEN, ZOE
BREITIEIZ, E/UEZ RS0 BNHTES,




1D heterogeneous drainage

o Monitor Pwater, Pair, (/
o Gradually increase suction at bottom

Fine sand

AEVine =20cm

finelcoarse

interface Coarse sand

AEVcoarse = 12 cm

drainage

ZIT, PREGERNVBLE—RTDITLTE
L, ELRJEICEAL UL DR—=FZAHTAZ A\,
Lt RIZIdfaRy, TRICHE N AN-TEY), 2nTh
DE AR NAEI220c212emTh %, ¥ AR RE TR Fa T
DY, THLIEFITPHERIE T,

Fine sand behavior

o Drained at its AEV = 20cm
o Pair 2 remained atmospheric

40 . drainage 12
- fine %
B 30 frreeereme e g 1
g 3
Z 20 —Puater 08 c
o — Pair o
E 10 - - - Saturation osg
f -
o T
g 0 04 %
o 5 | e 15
& -10 ‘ 0.2
-20 0

Time [hours]

WAL TOZ0T, TALH AL TOIZH -
TERDNSTN, WL e R, St A KE, —F
B E 2R ->(\Wh, —F LB FIZ, KE
IR ZIZ EN S TOCREENBI LN TEHY, mpho e

TARNABE D20em % B2 2B 1281 THE R R 46 L
2o ZREIELORDTRIJEIZHLL, HRPER

EARE JRRNANST L TSN

4

Coarse sand behavior

o Drained when air reached fine-coarse interface
o Pair showed a spike

40 12

. coarse s 1

—— Pwater

20 | | ¥ 08 c
. (=]
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Pwater — S curves

o Assuming Pair =0
o Bulk retention behavior 2 quite different
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o “Effective” Pc-S curve = Solve Richards eq. (vasin et ai, 2007

Pc — S curves

O Pc = Pair — Pwater
o Pc- S curve follows that for the coarse sand
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1.2

o Richards equation approach “fails” for some cases.
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Local water retention summary

o Experimental meth
= To capture rapid air flow, hydrophobic material with a small
time lag needed.
» Glass with fluoride-based compound worked well.

o Air must be available for water to drain.
o Pair cannot be neglected in some cases.
m Richards equation approach fails.
I = Two-phase flow equations must be solved.

o Pc-S corrected for Pair is “constitutive” relationship.
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