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Common ground movements associated with a house with basement foundation
constructed in expansive soils (Hamilton, 1977).
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State Variable Stage
- Stress state
- Deformation state

Constitutive Stage

- Soil-water characteristic curve
- Flow laws

- Shear strength equation

- Stress-versus deformation, etc

Formulation Stage
- Derivation pertaining to an element
- Partial differential equation

Solution Stage

- Numerical modeling mode
- Boundary values applied

Design Stage

- Application of the computer
- Use of "what if ---" scenarios

Verification and Monitoring Stage
- Observational approach

Implementation Stage

- Accepted as part of prudent
engineering practice
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minimum void ratio, 4.

= slope of the line of tangency,
= curvature of the shrinkage curve,

. /5 = constant for a specific soil, and
gravimeiric water content.

Gravimeatric water content, %
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M, = mass of the solids in the REV,
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M, = total mass of the overall REV.
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f I, = pore-air pressure,
i, = pore-water pressure,
m,{. = coefficient of water volume change associated with
the net normal stress state variable, and
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. = shear stress on the x-plane in the y-direction,

— total normal stress on the y-plane,

— shear stress on the 7-plane in the y-direction,

total density of the soil,

gravitational acceleration,

= dimension of the element in the x-, y-, and
7-directions, respectively,

. = velocity in the y-direction.
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i,, = pore-water pressure, - P
Py = density of water,
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The interaction force between the water and the z

soil solids, FWSy , has the form of a “seepage force”.




Jols WYl

S edSowl Jols akl,

5 ol dea slajls Joles SVolee ggamme 51 IS Jobs dolas yoges Lo b
O (o) A3l Cz)Y gz o S adsil ol alal,  oliil cang
by 29 -n, o, -n, ou, +nf o, _MW)+ i
ox oy oy oy oy 0z

T P8

a *
-n,p,g& —n,p,g —n.p.g—F, —F, +n.(u,—u, )L}dx dy dz =0
0y
n, = porosity with respect to the air phase,
n. = porosity with respect to the contractile skin,
f* = an interaction function between the contractile
skin and the soil structure (Fredlund and Rahardjo,
1993a), and
F¢, = an interaction body force between the solids and
| the air phase in the y-direction.



Jols WYl

et Uy (U, =l ) (O—U,) s 5o a goges A5 e dw e e Jole alad) )

' wom, " . i= i | . " g . Y 1—:— 5 1 ,.-"-" r | . .
L_-';L\b__..._:.l._-: ot e e ”.::,: _:,'_g.rl'__‘_.d- -.-..-.-.-.L..l e - 3 == _r;LI:I:--".l.“r d:-.-l.-_‘.:- o G

""""'"L'l._u‘"‘ {Ha —Uu, :]f} (J_”n} L_J“"#'L':"l ——2: 3 Sl _»l"‘:'-""" I'-'i"-I ~ -.-""""

o

g Jin jeudli g0 lg5 o ool cols lis md ledlay asgi Lo

— — — Ul
O-x u a Z-yx sz o™ty e
Xy Gy _ua zZy =
sz z-yz GZ _ua
U — Uy,
-_-—

"i”



Jols WYl

2 lge Lad Cancs 5o amo ylas og5 1) elsl |8, S5 oS T ol
00,5 lgp Lad b plyn Bl Glali8l ol sl of jlad asly 09l jao
o Hlaie 4y fiSe e ile oyl (S ol gldl ailis Koo o le ay

|
| | wl Gl gl of Jlid o5 gl
e T T el s oS LSy e L2 LG

| e S e g ol el 8 gldl Ll 4
rzx:’?{— - Ty &LOLSQ (ﬁl-j QSW-:J

-
o,—Uu -
Y ¥ W P P
7
o kX



oY | 4 pas

S b I oy o o ST _olo lid o b cglos] slacSTs o
o8 428l Koy Yoomo 45 gLl clacSs 10 a5 oo e

w‘).o..a).a‘).‘ oo)? J).a

LS‘)-.’ SOg0E U“JSBLS‘)?A‘CU"“"Q""JQL‘*’)‘ LY Sy )“ oalaiwl b
Qb ooy adaly b pllae glidld g lued (Ko S5

o, —u, 2U u, —u

&g, = o, —U,)+—"
v E E(h ) H




L 44 > e

On e K (o, +0, —Zua)+—u“ o
E E H

Hode 09l 0 48,5 Jlai o a8l 6 S Aol A azgi b e el o e
Db oy adaly Oy 4 (B8l S 0595 co o

&y =

X U E  u,-u,

’ 1- H (1 - ,U)H O-v —U, &, = normal strain in the vertical direction,

total normal stress in the vertical direction,

= total normal stress in the horizontal direction,

= Poisson’s ratio,

= elastic modulus with respect to a change in o — 1,
= elastic modulus with respect to a change inu, —u,,,
u, = pore-air pressure, and

u,, = pore-water pressure.
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T = osmotic pressure, kPa,

C = sum of the molar concentrations in solution, mol/L,
R = universal gas constant = 8.314 J/{imol-K), and

T; = absolute temperature, K.
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Name of Device Suction Component Measured Range, kPa Comments

Psychrometers (Peltier type)

Filter paper

Tensiometers

Null-type pressure plate (axis
translation)

Thermal conductivity sensors

Pore fluid squeezer

Total

Total

Negative pore-water pressures
or matric suction when
pore-air pressure is

atmospheric
Matric

Matric

Osmotic

1007 to ~8000

Entire range

0-90

0—1500

10 to ~1500

Entire range

Constant-temperature
environment required

May measure matric suction
when in good contact with
moist soil

Difficulties with cavitation
and air diffusion through
ceramic cup

Range of measurement is a
function of the air-entry
value of ceramic disk

Indirect measurement using
variable-pore-size ceramic
sensor

Used in conjunction with
psychrometer or electrical
conductivity measurement
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Contractile - Rs -
skin £
e
7 2T,
% {Ha — HW} i R
= 5
\Water. U
2 .lrj 1
It = Ll =
e Kl A Air }\
T e e e e = (e, —u,)y; = air-entry value of the high-air-entry disk,
-1 Ceramic disk with pores of = "~ .= kPa
= - radius, A., saturated with water = ’ . . .
— _— T, = surface tension of the contractile skin or the
7 Water compartment Z air-water interface (e.g., T, = 73.75 mN/m

| k | at 20 °C), and
R_ = radius of curvature of the contractile skin

Ta.maasuing SyEm or the radius of the maximum pore size, m.
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k, = Pws g _ ¥ e K = imriqﬁju_ permeability _Lr-t' the s-;:il. m?,
v v £ = gravitational acceleration, m/s”,
v = dynamic viscosity, cP,
£ = density, l-;gf'm?'~ and
3 = unit weight of the medium, N/m”.
.

sl a0 ¢ J&dd 4y led o |y (6 dudg8i oo glll e S5 o
k. =k, (S, e) _ _ o] M‘g
degree of saturation,
¢ = void ratio, and
w = gravimetric water content.

k, =k, (e,w)

.Ili:'h, — kw (w, §)
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_ 5 — Sr 5, = effective degree of saturation,
“ | — 8§ 5, = residual degree of saturation (decimal form), and
5§ = any degree of saturation (decimal form).

25 S5 4 len 095 a5l i 28 g9 slp gldl Sge az e Jlade

M, —H_ ), :
Se = {{u:,. — ;3; tor {“ﬂ' - ”1-'} - {Hﬂ' B H“'}f-‘

A = pore-size distribution index defined as the negative
slope of the effective degree of saturation 5, versus
matric suction (u, —uh.}.
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k, =k, for wu,—u,=(u,—u,),
_ S . .
k,=kS, for w,—u,=(u, —u,,
24 34
b= ——
A
k, = coefficient of permeability with respect to the water
phase for the saturated soil (i.e., § = 100%) and
& = an empirical constant for the permeability function.
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u,=p,.g.h,

2, = density of the manometer fluid,
g = gravitational acceleration, and

h, = height of the manometer fuid.

Sged Al 5 alal) b Gles o |, (gloyi T Lawgio Lide

h .+ h
W, ) e =( 5

density of water and

(i,)... = average of pore-water pressure.

4
)p, g

£
]

h,;+h
2

4
(ua _uw )ave — pw g hm _( £ )pw g
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— shear stress on the failure plane at failure,
— effective cohesion, which is the shear

strength intercept when effective normal
stress is equal to zero,

effective normal stress on the failure plane
at failure,

total normal stress on the failure plane at
failure,

pore-water pressure at failure, and
effective angle of internal friction.

Shear stress, T

o]

‘5&).3 u—s.ogLO.o oo

Failure envelope:
Tg= €'+ (0 — Uyletan ¢’

T = total normal stress on the failure
plane at failure

LY
a0 = effective angle of internal friction
" LY
¢’ = effective cohesion which is the shear
strength intercept when the effective
normal stress is equal o zZero

Effective normal stress, o — U,
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WSl ooy SIS glidl pe S (6,8, ddaly (e 2>
g=M[(p—u,)+ 5(u, —u,)] Joomi (2000)

g = oy —ry;  deviator stress

ey 4o, o ¢’ = intercept of the “extended” Mohr-Coulomb
P = l ~ 3'; mean total stress failure envelope on the shear stress axis
3 where the net normal stress and the matric

suction at failure are equal to zero, also

F = Hcr - Hr—-': matrc suction referred to as “effective cohesion,
{c:r_f — uﬂ} . = net normal stress state on the failure plane
B . b ~at failure,
T_ﬁ — EI + ([’_f _ ”.:r} s Lan {Jt' + {”a _ “w} F Lan 'Ejt' U = pore-air pressure on the failure plane at fail-
ure,

¢' = angle of internal friction associated with
the net normal stress state wvariable,
(G_f - ”ﬂ'}_f!'

{.ua —uw}f = matric suction on the failure plane at fail-

ure, and

¢" = angle indicating the rate of increase in shear
strength with respect to a change in matric
suction, (u, —u,,) .
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205 (o0 sy

T =+ (oy - Ugltan ¢ + (u, - u,)tan g
e I
¥
Ordinate intercept

Shear stress, t

—

c'+
(g - Ug)gatan ¢

Fy
c [
v

0 Matric suction, (ug - u,,)



{uﬂ — uh.) 4 = air-entry value of the high-air-entry disk,
— surface tension of the contractile skin or
the air-water interface (e.g., T, = 72.75
mMN/m at 20°C), and
R = radius of curvature of the contractile skin
or the pore radius.

$950 4w (g Lo

~

Range of

Air-Entry
Approximate  Coefficient of Values,
Pore Diameter Permeability, {uﬂ — uw} d

Type (310~ mm) k,; (mfs) (kPa)

Iy, bar (high 6.0 311 % 1077 4862
flow)

| bar 2.1 3.46 % 1077 138-207

I bar (high 2.5 B.6 » 1078 131-193
flow)

2 bars 1.2 1.73 % 10~ 241-310

3 bars 0.8 1.73 % 10~ 317-483

5 bars 0.5 1.21 % 107" =550

15 bars 0.16 2.50 » 10~ 1520
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Pore-water pressure conirol Small-bore polythene tube
and conneclion Lo lop cap .
water yolume change measuremant Pore-air pressure coniral
A Of Measure ment

Grooved water compartmeant—
undarnaath the disk

——High-air-antry disk

Recass for saaling
rubber O-ring

]
L A Call pressure control
—Pore-waler pressuré measurament Pedestal and measuremeni
=—Flushing system
—Diffused air volume maasurameant

- Rubber membrane
Seal of epoxy resin s ———High air entry disk
. Small-bore
Rubber O-ri polythene tube
A--— —
B=-— —=D

| 1
\_ Grooved water

compartment
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Shear strength, kPa
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Mohr-Coulomb failure envelope
at a constant U - Uy
c=c'+ (U, - 1) tan ¢p®

(Op = L) * (Oy = Ly) 5
2 /

f=
= e
=
2
L7 ]
(Oh - Ua) - (0. - L)
2
\-..
\\
0
¥ Ty,
/qb/ R sy ‘“d l
| . O, - L, Oy = Ly
f=——c cot " —= Qverburden pressure Fassive pressure

Met normal stress, o - uy

[(o, — ;) — (or, — 14,)]/2
(o — 1) + (o, — 1,)]/2

+ ¢ cot :;ErF

sing’ =
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q; =05B.y.N A +AcN_ +yD,N,

A A = shape factors.

N, . N, N, = dimensionless coefficients related to angle
of internal friction.

¢ = total cohesion of the soill.
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tan ¢,

Ag¢/qpo = percent change in the ultimate bearing
capacity and
A, —u,)/c,n = percent change in the matric suction
with respect to the initial undrained
shear strength.
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