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[. INTRODUCT LON

The stress-strain behavior of a partialiy saturated sovl can
be dramaticaliy different than that of the same so11 1n a saturated
state. The difference 1n behavior can be attibuted to the sov1l's
suction characteristics. Soil suction 1s a function of the soil

type, gradation, location cof the water table, and the environmental

conditions.

Partially saturated soy]l behavior has bheen studied almeost s nce
the birth of soil mechanics, realizing that the ma_or 1ty of surface or
near surface sov] deposits are partially saturated. carly Tnvest-
gators recognized that larzaghi's effective stress equation was
inadequate to describe the effective stress of partially saturated
soils. The mechanisms invelved a&re very complex. Many gereral
effective stress formulae have been develioped, but most have been met

with criticism and/or are of 1i1mited use.

The first obJective of this research project was t£to evaluate the
testing apparatus and procedures used for unsaturated soils. The
second objective was to study 1in detail the stress-strain-strain rate

behavior of an unsaturated fine sand.

8 series of undrained modified triaxial tests were rperformea on
the f1ne sand. Five parameters wers varied during tne test program.

These include: density, saturation, ni1tial back pressure, effective

93

¥
®

confining pressure and the straln rate. rec

0

ed gata ~nciua

B

stresses, axial and volumerric straing, Pore Nrassures and the in1-

itial tangent modulus.
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I'f. PRELIMINARY CONSIDERATIONS
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The physical Taws that govern a partially saturated sorl differ
from those of saturated soils. OUne must understand these nhys-tcal
differences hefore a characterizaticrn of the stress-strain bhehavior
of an unsaturated soil can be made.

2.2 Surface Tension

Surface tension is a phenomenon that occurs at the 1ntersection

hetween different materials. For se1ls, it occcurs at the interface
between the water, mineral grains, and the a-zr. Fundamentally,
surface tension results from differences 1in forces of attraction

between the molecules of the matarial at the interface (Holtz and
Kovacs, 1981). Surface tension is the fundamental reason hehind

the differences in saturated and unsaturated scri1. The following

®

formula expresses the total surface tension force generated by a

water menicus between two spheres.

SinQ+Cos9~1
T =22MPrT ( ememm—e e )

’
~.
rTi
Lt

Where | is the surface tens-ion of water (73 dynes per cm @ 20 ()

and a1l other variables are defined 1n Fig. 1.

2.3 So~1 suction

9011 suction 18 due to the soi1is’ ability to 11t or nolig water

in soil matrix. Thus, soil suction can he considered stored ar

ne




pptentiai anergy.

suction.
Pressure Head
Adsorntive Head

UOsmotic Head

The total suction s the addition of the above three The
first two are often combined and referrad to as the matrix suction.
'he matrix suction is the negative gage pressure at a

soil-water relative rto the external gas pressure.

the capillary and adsorptive forces arising from the soil matrix

Dsmotic suction arises from the differences n the concentration of

soil-water at different points in a soil. fhe foilowing formuia des-

cribes the water pressure in a soil due to matrix suction.

‘!
1

(1-Cos8) (S nO+Cos®-1)

Where T is the surface tension of water and all other varyahles are

drscribed in Fig. 1.

Typically water will vanorize at pressures helow a -1 atmosphere

.7 psi). However, if the pnore diameter is small emougn, the

r o]

will not be able to cavitate, because the surface tens-on force
be too high for an air bubbie to form (Terzaghn
is for this reason, capililary rise can occur to

than expected. [n fact, most ciays w111l nave

R &%

excess of 30 feer. This for sands rarely exceeds

; ; 2 Y L € O ) POPLLS
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2.4 Effective Stresses in WUnsaturated So’
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If a se1]l 1is saturate
stress minus the pore water pressure (lerzaghy, 14Y3p)

whether or ncot the pore pressures are negative or nos tive

-+

other hand, the soil 1is partially saturated, the mechanisms of effectve
stress become far more complex. Partially saturated soi1ls form meniscH
a; the soil grain/water/air +interfaces. fhe relative amount of water
capable of being held in thi1s pocket or column of water 135 a2 funmction

of the grain geometry and so1 type. The water held 1n this nosition
will be in tension (negative pressure), which results in 1ntargranular
forces. 8s the meniscus becomes smailer, the pressures become more
negative, but acting over a smaller area. Thus, the additron of
strength attributed to scoil suction is both a function of degree of
saturation and soil structure. The following fermula describes the

effective stress for a partially saturated idealized material made of

spheres.

— 21 2
T = -—- ( $S1n@+Cos®-1 ) 77 ( SinG+Cos€=-1 )
4 ————— S U
Cos® 2r CosQ 31
where p= (as given by equation 2)

T= the surface tens- an of water (73 dynes/cm)
r= the radius of water menicus

A= (as given in figure |
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If a partially saturated cohesionles

0
]
8]

J

a
0]
ot
]
ing
®
[93

with 2 con-

vertional triaxial setun and procedures, the Monhr-Couliomb dragram wi 1]

+

show a cohes'on intercent. Iin reality, the exact Tocations for the

Mohr's carcles car only be determined 1t the stresses attraihuted by
so1l sucticn are 1ncluded.

2.5% Beneral Gas Law

Theoretical changes 1in pore water pressures for a grven sob

volume decrease under undrained conditions, hag?been derived by
Hamilton (1939), The assumption being that the pore asr and pore
water pressures are eaual (neo soatl suctiron). Hamiltorn's *ormuta -3

expressed as tollows:

Po= ( Vao+0.2Vw )= .Pc ( Vac+0.02Vw } rad

where Po= initial absolute air pressure

vc= absolute air pressure after compressicon
Vao= init1al free air volume at Po
Vac= volume of air at Pc
Vw= voluma of water in soi)
This sgquation can 11lustrate how a reiatavely small amount of ar n

the soil an drastically effect the pore nressures., lt's usetuiness

0

1is tamn

ot

ed to so1ls with Titrie or no sovl suctyon,
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o
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3.1 Modified Effective Stress Equation

Bishop (1959) was cne of the first investigators to d o a3
general effective stress equation. His original work resulted in the

following equation:
i
0= (0 -va) + x(ua-uw) Y

where 0 = total stress

Ua= pore air pressure

Uw= pore water pressure

X= empirical paramster
The empirical parameter was thought to be a function of so1) structure
and saturation level. The basic.assumptwon in this heing able to
quantify the parameter X was that an increase in the matrix sucti:in
term X(Ua-Uw) is equivalent to an increase 1n confining pressure.
Blight presented a method for determining this parameter

[he metnod

required several sets of test on similar samples. Une set 1s tested

in a saturated state. 4 graphical procedure then reliates the two sets

of Taboratory tests.

S1tchison (1960) performed some theoretical work which described

Bishon's empirical parametar X as a function of thae matrix suction

(Ua~-DUw), the level of saturation, and the soi1l structurae.

9narks (1963) suggested that HBishop's equation was 1incorrect,

because the effect of surface tension was ignored 10 the derivation.

Sparks developed the following equation that considers the surface

LI
LY LR O
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tension force.

/

O: = 0: - ya-BUw+ ¥ T

™
(s
L

Where T 1is the surface tension at the air water 1rtertace. (¥ the

pores are ftilled with waterok=x = 0, and if filled with asir p=x = Q.

-
-

Donald (1963) attempted to generate a general formula for the

X parameter. Donald felt that the equation must 1nciude the surface

tension forces. Hy definition

X=8+(f(s)/(Ua-uUw) )

£~

where S is the degree of saturation of the pores and f(s) 1s a func-

tion that takes 1into account the numerical value of the surface

-

tension forces.

-
>
N

e ™ s

Burland and Jennings (1962) and Burland (196%) pointed out that

surface tension forces produce only normal intergranular stresses.

s
=

Ty They also questioned the validity of the urnderlying assumption used

in determining the X parameter. Namely, that an 1ncrease in the

e
=
S

»

matrix suction term is equivalent o an increase 1n confining pres-

e
-
i

sure. Their test results suggested that for a given sorl structurns

(B e R %59

and type, there is a critical degree of saturat-on, and below this

P value, the above assumption is 1ncorrect.
It

"

’i

N . Hlignt (1967) renstated Hishop's equat or nNut recogrizedwe 1tS

. Timitations. Blight suggestad that the X parameter could naot ne detanr-
4';’ . -

N mined from some unique function. But Instead had to be evaluated ftor

g aach soil type, structure, saturation JTevel, ard appiied matrix

. )
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Tower and Childs (1972) attempted to calculate the effective

stress that would operate in an unsaturated so3vl as a sum of two
components: one arising from continuous water at an externally
measured suction in unemptyied pores, the other from 1solated beodies
of water in nominally emptied pores at suctions approximating to the
suctions at which those pores were emptied. Therr findings were that

an average degree of saturation spectfied for an unsaturated so1l may

not be a particularly relevant factor 1n determining its bhehavior.

Gulhati and Satija (1979) took a slightly different approach
in examining unsaturated soil stresses. They presented the following
equation:

(T1- 03) =a+(T 3-va) tamx + (Ua-Uw)tanrp (8]
--------- f f

where a,0t, and B are coefficients to be determined from laboratory

tests. Their approach was to vary the (Of—Ua) and (Ua-Uw) rer 3
3 £ F
and plot all three (including (U'-(T) /2) valuas on a 3i-0 nipot from
1 3 f
which a,A, and B can be determined. Guchat> and Sat-)a belreved

that the above approach was better for determining reiatave gains 1n

shear strength as a function of so+1 suction.

Ho and Fredlund (14982) presented the folicwing shear strength

aquation for unsaturated sovis:

o] fai
T ="+ (G'—Ua)tan¢’+ (Ua—Uw)tan¢
b
where § eaquals the fricton argle with respect to canges 1n (Ua-Uw)
whan (T-Ua) 1s held constant. Ho amd Fraedlund falt this approach was
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b
valid providing Q was determined for each scoil tyne and condrtron.

It is necessary to recognize that the applied matrix suction (Ua-Uw)
will control the saturation level up to some critical valiue, at which
point the water in the specimen will ke comeoletely dispersed through
out the soil matrix (no capillary rise). Mhe ¢ parameter can a

determined from a, 3-0 graphical approach. This approach must Incliude

a series of saturated tests.

3.2 Unsaturated Soil Testing Equipment

Hil1f (1956) was one of the first to measure negatave pore pres-

sures. He developed a device which consisted primarily of a pressure
vessel, in which the so0il specimen was pnlaced. & saturated porous
caeramic tip was placed into the snecimen. This probe was connected

by a tube, filled with de-aired water, that was connected to a null
type pressure measuring system. The measuring system would register
a negative pressure as the water had a tendency to travel into the
sample. By raising the air pressure in the pressure vessel the
tendency for water movement could be stopped. This poynt was
considered equilibrium and the soil suction was determined by taking

the pressure difference between pore air and pore waver.

Bishop (19%9) was the firgt to utilize the high a'r entry ceram-c
disk 1in a triaxial setup. Thus, allowing measurement of pore water

pressures independently from pore air pressures. A8s with tha nress

C

[0}

[ad
vessel, an axis translation technique was used. the system was closed

in regards to outside air. 4 self-compensating mercury control was

used to maintain cell pressure and pore air pressure. Two colored
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kerosene and water interfaces were introduced into the lavout. 1R

- =20

n

allowed measurement of water 1nto or out of both the sample and

triaxial cell.

Bishop and Donaid (1861) used mercury (Hg) as the confining
fluid. They also introduced a means of coliecting and measuring the
dissolved air that passed through the ceramic disk (bubble pump).

Air has a tendency to come ocut of the solution under the ceramic disk
if the pressure 1is less. This ultimately causes problems 1n obtaining

accurate pore pressure readings.

To date most of the advancements 1in testing eauipment have been
in the form of increasing the accuracy of the volume change and pore
pressure measuraments, simplifying the layout by making use of pres-
sure regulators, and using elactrnical strain and pressure gauges.
Hanna and Jeyapalan (1985) used the forementioned +ideas in cor_uction
with an automated data aquisition system to develop the meost recent
state-of-the—art unsaturated soils testing system. However, problems

with air diffusing into the cell and through the ceramic stone sti11]

persist.

3.3 Stress-Strain Behavior of Unsaturated Soil

Bishop and Dornald (1961) presented unsaturated test results on
Braehead silt. Using the resuits they develoned, a curve was estab-
lished for the X parameter (for the s 11t) used in the moaified

effective stress equation. & samplie of their results 1 shown A

Fi1g. 2.

Ly
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Donald (1963) performed undraltned trhaxi1al fests op 2a parcrally
saturated compacted clay. & series of Monhrs circle dragrams showed
1' - - - .
:: in a relative way the effects of soil suction on shear strength, 2s

given 1in Fig. 3.

Bishop and B8liight (1963) performed an extens-ve testing program
on unsaturated soils. Their results concliuded that a moagi1fred effac-
tive stress equation was useful in defining shear strength. However,

its usefulness in determining veiume change s very diffacult.

Burland (196%) discussed volumetric behavior aualitatively 1in

terms of intergranuiar forces and drew a cortrast between the chan

5]

es
in intergranular forces arising from increases 1in external stresses
(which tend to induce grain slippnage) and those arising from changes
in negative pore water pressure in the menisci (which tend teo act as
blobs of glue, holding the grains together). Because there are fund-
amental differences in the way anplied stresses and nore pressures are
transmitted through the grain structure there can be no sauivalence
between change 1in applied isotropXic stresses and any function of a

change in the pore suction.

8light (1967) presented test results that showed the shear
strength increase due to applied suction, as given 1irn Frg. 4. +Ha
also concluded, based on test data that tne X parameter changes wit+
axial strain. H1is results also Indicated that charges "n valume of
an unsaturated soil anpear to he relatedg to the mod-fred etrfectrve

stress equation.
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fowner and Childs (1972) presented data to show that the stress

path for an unconfined, unsaturated sand is derendent not only on
appliaed suction, but also on whether the sotl 14is 1n a drying or

watting process. The results of this study are shown Tn Fig. 9.

the

Edil, Motan and Toha (1981) apmpliied various matrix suctions to

an unsaturated clay. Upon equilibrium, ar unconftined compression

test was performed. As expected, the strength ncreased with 1ni1tial

matrix suction. But more interestingly, the initial moduius increased

Tinearly up to some critical matrix suction, where it then declined.

The poisson ratio was also determined as a function of initral matrix

suction. The results of this study are shown 1in Fig. &.

3.4 Strain Rate Effeccts

Scils under rapid or ayramic loading usually exhibit d-ifferences

in their strength and deformation modulus when compared £o static

loading. The following will be a brhef review of the work to date

in th's area.

Casagrande and Shannon (14948) presented the resulits of tr-rax:?

al

test on dry sand 1n which ftrne load was annizea by a t2alling beam type

apparatus. [hey found an 1ncrease 1rn the yultimate shearing strength

of 10 of 'S5 percenrnt and arm ncrease N rfha modulus of defarmation

rraut 30 percent when the load was anplied dyramicaliy rathner than

statically. The modulus of defmrmation was define

[> %
J
W
in
]
9]
b
J
s

modulus ohtained by passirnrg a straignht 1 ne through the orygn ana

A point on the Stress-strain curve at orna hal+ rtha Uitimare strass.
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Casagrande and Shannon also conducted simylar tests on unsaturated

clay. They found that the percertage ncrease of the fast transient
strength over the static compressive strength was greatest for sneci-
mens of the Towest water content. With the highest water content the

modulus of deformation 1ncreased by tTwo times.

Whitman (1954) evaluated the strain rate effect on ten dixffarent ;
cohesive materials. Gererally, an 1ncrease in the strain rate trom
static to 1000 percent per second 1increased the ultimate strength by
a factor of 1.5 to 3.0, which 18 of the same order of magnitude as

that found .y Casagrande and Shannon.

Seed and Lundgren (195%4) dinvestigated the strength ard deforma- ‘

’i tion characteristics of saturated specimens of a fine sand and of a ‘
]
coarse sand under dynamic loadings. Thay found an 1ncrease 1n
AN !
‘ ‘ﬁ strength of 15 to 20 percent and an increase in the modulus of deform-
\ ﬁ arion (secant) of about 30 percert under the dynamic Toading condr-
Sﬁ' tions. Fhey noted that drlatancy etfects and lack of draynage

contributed to the strength under dynamic lToads.

Nash and Dixon (1961) develoned z dynamic pore nressure measuring
device with which they successfulily -ecorded pora pressure changes 1n

triaxial tests on sarurated sands uynder strasn rates un to KUOU

0

ahout 220 Tnchas ner minmyta.

nercent per minrute or loading rates up ¢

Py

Richart (14977) summarized npravious work on strasn rate effects

on shear strength: (a) for dry sands the straln rata tactor 15 less

than 1.1 to 1.1% for stra'n rates vary ;3 from anpout U.U2% to ook
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per second, (b) for saturated cohesive sorls the strain rate factor

Y
0

was 1.5 to 3.0 and (c) for nartially saturated sovls the stran rate

factor was 1.5 to 2.0.

Gulhati and Satija (1979) found that the strain rate has a

oronounced effect on the measured soil suction during drained

modified triaxial tests on clay. They showed that during shearing
the specimens change volume,. & cnanging scil structure resulted 1n
a changing matrix suction. But at fast strain rates, an equliibrium

condition was not poessible, resulting 1in excess pore pressures (drop

in se1l suction).

Richart, Wu and Gray (1984) performed dynamic shear~ moduius tests
on partially saturated sands. lhey corcluded that the maximum capii-

lary influences occurred at degraes of saturation between 5% to 20%

for the soils tested. e Yncrease 1n the shear maduius

o}

var the dry

samples was about 1.6% and 2.0 for average confining nres

n

ures of 3.8

psi and 14 .2 ps1, respectively.
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! LV, EVALUSTION OF EQUIPMENT ann TEST PROCEDURES 1 .
"
"
n
4.1 Apparatus ::",
e 4

The testing system used 1in this research program is the same )

Yy

. . - e ~

system that was developed and used by Hanna and ltevapalan (198b). ~
. N
] There were several minor meodifications that +increased the overall >
‘E accuracy of the measurements, but the system basically remained tne '.c;
i'.

US)

. X L, _ X . . . ¥

same. A schematic diagram of the setup is shown 1n Fig. 7. in short, :."

"

K two thick rubber balloons enclosed in a chamber are pressurized via a "
regulator. The pressurized water (in the chamber) s then transmitted ‘
. i
: 5
a to the cell fluid or nore water. 4 requlated air supniy s transmitted (
. .:
ga‘ to the top of the soil specimen. Transducers, placed in the appropri- ;
r ate places, allow measurement of cell, pore water and pore air pres- W~

"

sures.

-

£
PR

There are several features about the anparatus that should be

’-

! discussed in detail. The first 1s the colored kercsene nterface. “
I.'

! e . . - . -
g fhis interface allows measurement of water +into or out of the cell >
; S
or sample. For dinstance, 1f the sample were to dialate, water woulgd i
g 2
be forced out of the cell and into the pressure chamber, where the &
' "'.‘
% balloon would collapse by the appropriate amounrt. 'me amount of warter -
' o’
: forced into the pressure chamber would be measured by the travel dys- —t
- ".
& tance of the kerosene/water 1nterface. he second magor noint of :
t N
. nterest is the ceramic stone. This specral d-sk allows water to A
o
Lad travel through 1ts pores, but not a1r. S0 ulitimately, one can maasure -
1 *.
-

g pore water pressure ndepenqent iy from nore a-r, lhe caramic stona Y
~

. ‘:‘
o

;; !
oy
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used during this testing program had an a1r entry value of 30 2s1. 1
This means that the ceramic stone could hold back up to 80 psi of alr vy
l‘h
prassure. One of the major drawbacks to the high air entry value 1is %
)
the decrease in permeability compared with convantional porous stones. 2
- l o ;
The particular ceramic stone used has a permeability of 1.0 »x 10 ecm/sec. :”
-
" . - . . . - A
Because dissoived ar can pass through the stone, a special port was )
iy
drilled into the base and pedestal +in order to provide a Flyshing ]
W
system for ar entrapped under the ceramic disk.
Ly
The locading frame used was similar to those used n most triaxial =
" . R R U
setups. The Tcading was applied at a constant stran rate, which was ::
4,
v
. A ) ) W
regulated by a hydraulic system. & load cell incorporated 1nto the :
"
) e . s - - - h . t
loading shaft provided electronic measurement of the apnliesd load. »
- . ; . - it
Sample deformations were measured as the travel distance of the Toading -
»
shaft. An LVDT was used to measure the deformations electronically. :
Ry
L]
A data ecqguisition system (3IYSTEM 4000) was used £o acquire and !'
—_— - v.‘.
reduce the raw data from the gauges. 'he informaticen could thern be Ay
Y
K g
transformed directly onto the computer monitor. & computer program .ﬂ
(]
provided wilth the system aliows the user tTo automatically record data X
-..
. . .\ ]
at desired time intervals. Unce recorded onto a flonoy disk, the data -:
.
could be reduced and printed at any future time. N
L]

iy g

X
. )
:
L)

gy

Sample nreparation-

1. Mix werghed amounts of sov

W
3
[}
z
i
it
0]
3




Place two rubher membrares on the hase nadestal and

= S8 O

secure with rubber O-rings. 8 thin f11m of si1licone
grease or the pedestal provides a water

lTace molding gacket on the npede

membranes up through the Jjacket

into the rubber T ned jacket 1n fave Tnrftrs,

each compacted to roughly thne same degres.

Place top cap on specimen. y rupber mempbranes un and

over top can. Secure the mamhranes to the top cap with

2

rubber O-rings.

Measure the height and arameter of

1

Preparation for Consolidation/tquilabrium-—

1. Place cell _Jjacket on base.

2. Connect the air supply valve

top cap.

Secure cell Jjacket to base.

Push piston down onto the samnlae ang secure.

Fi1l cell withk nroperly de-asred watar.

A

-

Srart up data acaquigition system.

I

fero out transducers.

Bring pressures un 1n small

Do not aponly more suctson

{ 2B

notential of the snyl .

&Hl 2B

-

“' "y LRI LA P 'y ‘ o« FR P AT AT q Ua™n e Tty
AT T AT TR ST S S L e e A M A A R Y A BN AN




-
‘I .
Ji'
.
A
o] F\‘
1 3
< AN
’
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l 11. Monitor changes in samples volume and meolsture content B
: ; ‘ i )
(reading burettes). O
) p",
, . - .- g
g 12. Make sure the water 1n the sampoie s 1n equii-rbnrium .
- ,ﬁ
{(no flow in or out of sample) hefore nroceed-ng ahead 2
ﬁ with the shsaring. :(
\%
g Shearing Process-~ )
1. Place triaxial cell under deviator/load cell. )
‘.l
E& Release prston such that it T1fts off of the samnile e
!
. : . . U
by approximately 1/4 4inch. V'
o
) 2. Place strain gauge n an approonriate position. !'
a-.-
P a P Y
; 3. Set the deformation rate.
LY
K P!
; - . ¢
4. Start the deviator movement. ;\
. e
5. Zero out the Toad cell while piston is 1n travel, but .
"-
. . g
not yet back onto sample. Q
‘ 6. Just as a non-zero deviator reading is noted on the W
Fu
monitor, zero out straln gauge.
4 N
5’" o
) 1. Set computer to take readings at desired 1ntervals. Q
™~
8. Close pore water pressure vaive {and pore a-> . Ff o
R [
i N

desired).

2=
Vo3
T

Take burette readings for sampie volume chrange.

»

5o
.

10. At the conciusion of the test 1t s TmmAarTant mat to

R

release the cell pressure bat

+
0
3
]
g

J
[t}
iJ
[»]

b
U]
i

3
i)
w0
n
.
D]
D
(B}

[f both the ce’l anmnag nore alr nressures are reliesased

hefor

D

the pore water, cracking of the Cceramic g w13
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4.3 Conclusiors

ne of the major obgectives of the research
uate the unsaturated sol1ls testing apparatus and

by Hanna and Jevapalan (1986).
follows:

1. In general, tne degree of sa

t
C
]
V]
f-'
)
0
3

the applied matrix suctiorn (Ua-Uw) o

ical value.

remain at its initial conditions.

prosect

wWaAS

nenCcedgiira

[he craitertia for svaiuat-on

with an

some

[fe]

T

J

'}

mar -~

arctar

2. The shear strength w*71 in genera’l 1ncrease
1ncrease 1N applled matrix suction only up %o
critical value. &8fter wnich, the anpised matrx
will have no continuead effect on the sraar stren

3. So11 suction shouia decrease the d°latancy osoren
of the so+1l.

4. A8s the specimen changes voiume, so should tre
suction potentral

o) fhe measurement of pore water pressures are kbcoth
represertative and an accurate account AY rrua a
water nrassures.

Three triaxial tests on a srity so1l ware nerfarmag 1~
qenerate data by which an evaluation cou'ld he nerfarmad e
was choosen for two reasons.

1. lhere 1s ciear avidence fhat 52 't nag a g -an-~* a1
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unsatyrated comnared to neing saturate

9]

»

2. Several key investigators nave used s- 1t 1n theyr

ot
(0]
0
ot

program from which, data can be compa -4,

The three soil specimens were compacted to a void ratio of 0.%9

and a saturation level of 60%. The length

o}
ot

o diam

[t}

ter rati1o was

approximately 2.0. Each specimen was tested a

I

a

0
0
3
0]
ot
41}
3
ot
0
0
3
-+
Fl
3
4
3
i9]

nprassure minus pore air pressure (7 ~Ja) of 10 psa.
3

The results of the triaxial tests are shown 1n Fig. 8. Note how

the saturation increased when the anpliied matrix suction was e ther 0

or 2.5 psi. This 1is due to capiliary rise in the so11 specimen.
When the applied matrix suction was 10 psi, the lTevel of saturation
decreased, which is indirectly a consequence of the ax1s trans
technique employed. During the axi1s translation technigue, the con-
fining pressure and the pore a1r and water pressures are simuitameocusly
increased hy an equal amount. The so1l structure fe
in confining pressure immediately, hut the nore ar pressure reguiras
air flow into the specimen 1n order to achieve the des red pore asr

orassure. The air flow takes with 1t water that 13 n the uocer

portion of the spec men and drives it tow
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of the specimen 1s tlushed out through fthe ceramic digk, oraoviding the
apnlied matrix suction is great enough to counteract the capiliary rise
within the specimen. fhe £ime for achlevirg the eaullibrium satura-
tion Tevel was quite high, due to the small grad-ert and Tow permea-
pility of the ceramic disk. fhe specimens were cons derad to bhe In

equilibrium when there was no recorded flow of water 1n

ot

o or out of

the specimens durirmrg 2 24 hour neri1od.

rigure 8.a clearly 1ilystrates how the shear strength increases

+

with a decrease in saturation. FThis 1s evidence to the fact tnat as

the water menicus becomes smaller, the pressure within the menicus

s e,

L Ta e e

drops. Specimen 1.b, whose saturation lavel was Y0%, was ccomparaple

in strength o the fully saturated specimen (1.c), more so than the

\

~

&

3% saturated specimen (1.a). Specimer '.bh orobably has both a

o utd

- D
=
X

dispersed water distribution and caniilary r-ise. ihe water nressure

in a column of water (capillary rise) s not of the same mnagritude

=T

as a single water menicus between soi! narticles. ln fact, the water

|
e
&

praessure in a column of water within a specimen 1s distrinutad fraom

a maximum negative pressure at the bottom of the specimen, to

col

11}

atmospheric pressure at the top of th tme Howaever, aue to the

=%

axis translation technique, the water pressures are always positive i

-
G2
(a3
7]

with the Towest nosttive warer pressure at the notram of the specimen.
¢
¢ ﬁ fhus, the matrix suction chanrnges wi thin the height of the snecaman (F
3
L) ® . - N
w canvlilary rige s pregent). 1T 1g Tmportant to Note fthat cant i lary '
;‘t

2

rise within a specimen may not be uniform, Ccwirng to the fact tnat

»

[
'
i
9]
3
U]

.-

spaces wlthin a snvl gpnecimen may nnt he unitorm, !
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One of the criterta for evaluation of the

b

npar

o
ot
p
W
3
Q
[®]
3
J
0
i1}
[p3
|

ures was that the shear strength not Increase aftter some critical
applied suction for a given initial saturation. fThis craitical value
1s the point where capililary rise s negated. o fully verify thnis

criteria, at least one more test at an applied suction greater than
10 ps1 should have been performed. But even st117, with specimen 1.a
changing its saturation level due to the axis t ansliat on technique,
an addhrtional test would have bheen 1n all l1rkelihood nconcliusive.

Reiterating the conclusion that the axi1s translation technique must

be applied simultaneocously and 1in small incremental nressure changes.

The lower the saturation the higher the average matrix suction
within the specimen. The higher matrix suction should result In
less dilantancy potential during the shearing nrocess. The small
water menisci act like blobs of glue, holding the specimer together.
Figure 8.b does verify this tendency)l The Tower saturated specimen

seems capahble of holding off on dralation longer (higher axial

strains).

8s the so1]1 structure changes so should the matrix suctron,
nrovided the specimen 1s 1nit1ally at equriiprium. Figure 3.c does
show changes 1in matrix suction as a functicon of axial stran.
However, the values appear to he unreilable. For INnStanne, spacimen
1.a was equaiirzed at ar anpnlired matraix suctron oFf 10 ngry, vet when the
pore water pressure sunpnly was closed off, the nore warter oressure
hegan to increase 1mmedrately. Wwhen the appliied matraix suct-on 13

t bhe renrasantative ot the true

past the critical noirt 12 wi1il n
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matrix suction for a snecimen that has a completely dispersed sov
water distribution. Therefore, by closing off the water onressure
supply, the measuring device will tend to measure the water pressure
of the menisci, which should result 1n the true matrix suctron.
However, there are further complications due to the fact that tne
shape of the meniscy at the interface between the specimen and the
ceramic stone may not be representative of the entire sampnie. In
addition the moisture content near the bottom was found to be higher
than that at the top of the specimen (probably due to the axi1s trans-
lation technigue). This results in a larger water menisci near the

3 bottom as opposed to the top of the specimen.

When the specimen compresses, the grains become closer together

which results in a larger radius water menicus (pre-existing menicus).

-

This resuits in an increase 1in water pressure (positave change).

B %
5%

S

This phenomenon can be seen 1in Fig. 8 (i.e. suction drons during the

> . ) , ) ) ’

; compressive stage). However, “n the case where there 1s canyrllary Wxﬁ

)

. o ) o

rise, a decrease in the void ratio should resuit 1n an 1rcrease 1n 2

0] 'r

‘ matrix suction. This could not be checked from the singie specimen Aﬁ
. . . X ) ) _ . L - v !
L (1.bh) for which there was capillary rise as a result of a small {ﬂ{

!& .'-:'l* .
" ‘ - P

anplied matrix suction. 'he reason being, there was Nno volume ;?Ej

P

L
LA )

‘ ks

decrease for that specimen during shear.
o)

-
L
-
» *

¢ [t 1s worth noting that aftter the onset of dilation the matrax

~a
s

A
£ bty

suction remained fairly constant. ih1s was probabliy hecause the

*
b
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o

L
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dilation was occuring predominateiy 1n the middie of tne specimen,

due to end restraints.

Overall, the apparatus and procedures provide an excellent means
of obtaining qualitartive data 1n regards to both shear strength and

volume change characteristics as a function so0311 structure and satur-

ation level. However, the accuracy of the matrix suction data -s

under scrutiny.

In order to quantify the stress-strain behavior, the principal
effective stresses are required. Bishop (1959) has autlirnred a method

hY

for determining the effective stresses 1n an unsaturated sonl.

However, the technique is still under scrutiny. The techmnique requires Q» gt
»
N

an accurate account of the matrix suction, which 1is difficult to obtain ¢ $¢

with the present apparatus and procedures.
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V. PRESENTATION aND

The second objective of this

the stress-strain behavior of an

[\
o

r RESUL TS

D1IsSCUSSTON

research study was to investigate

unsaturated fine sand. e

ing studies were made:

1.

ne

Capillary rise and its effects on stress-strasn
hehavior.

Magnitudes of the pore water pressures 1n the
unsaturated sand.

e influence of negative pore water pressure
with respect to strength and volumetr c strain.
The stress-strain behavior of

the sand Yrn a

near saturated "state, under undratned Joading

conditions.
he shear strength as a function of saturation

level and veoid ratio (undraztned).

The initial tangent modulus as a functron of

5.2 Capillary Rise

ihe magnitude

to the grain size

Toh b s A A

saturation and voild ratio {undraned)

Stran rate effects with respect to the shear
strength and 1ni1ti1al rtamgent modulius

of the so11 suction porential s dyrectliy reliateq
shane and compos tion Im a coreginniaess soY! the

- tmer
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Thae ahove values clearly 1llustrate trhat thne sana ar

v

.
g! B
main factors reduce 0o graln s$1zZe and shane. ina fallnwing are r£ne
l grain characteristics for the f re sana used 1P tThe rest ng nproaram
i Shape - Sub-anguiar
1% fFrmner (0 Y= o e mm
& o
50% finer 1} Y = 0/ mm
'g ’:'-‘
Uniformaty Coe¥¥ | (i gy = 112
»
~ffactive Yora Dha . (0 2*0 = s e
g
iﬁ

and uniform 1n size.

(3B = B N oF B 52 i 55

fhe abarlity for the so11l to I1ncrease or decrease "n saturation

as a function of applied matrix suction ard gens Ity s Skowr 10 kg

9, (commonly referred to as characteristic curves). racn of The two
samples were compacted on the base pedesta’l at a gaturatiar Tevail of
50%. The confining pressure during the generat-on of the curves was

90 ps1, with the pore air pressure held rnonstant as %0 psy, and anr

(3}

F"E—

initial applied matrix suction of |0 psy (pore water (U nsH ). in

mental changes 1in nore water pressure would resu’t 1n changes 1N matrix
suction. tach 1ncremental change was 1rnduced on’y after ecu’lbragm
was achieved from the previous Tncremental change.

he shane of the characteri st c curves 1s a‘so dependent on
whetner the sampie s 1n a wetting or arying cvo e, Ir a2 warting

cycle, (drawing water 1nto the samplie) a sudden “ncrease 1n

ot
J
D

porea space diametar could reduce any Turthner cantiary rhge

8
g




o

Livewise, 1n 2a drying cycle tha smalier nore dramerer gpaces 10

a continucus pore would control the level of saturation. I @ more
uniftform the grains the higher the likellhood that tne arfrerence
between the two cycles would be 1nsignificant. 'he procedure useaq

for the generation of the characterist c curves for the fime sand

was one of a wettng cycle. A

8 threshold value 18 cleariy evident 1n hoth the d

]
3
2]
)
]
J
2

Toose samples. That is, no capriliary af

3
[}
1]
]
1]

b
Q

{1}

<

D
D
(8]
J
[t/]

r

some clearly defined matrix suction develops. 68ny higher anniled !
matrix suction would result in no further de-saturation of he

sample. 8s expected the dense sampie has a targer threshoid suction

s HE 2

(0.5% psy1) than the locse sample (0.35 os1), s1mnly because of the

e W v

smaller effective nore diameter. Thase values appear to be in Tine

with the estimated value of 1.4 psi obtaired by assuming the effect-

PRI

e K

Tve pore diameter of 0.200 and this could be expiatned using a
10
capillary tube analogy.

K-> )

the maximum negative pore water pressure 'r the fielg would ne

B3

ag oy g

approximately U.5%% nst1 (e=0.60). The pressure within tne capriliary

rise would be distraibuted 1in a 1l near fTashion frop —U0.h% nsy O .}

atmospheric nrassure, over the ‘ength J2f | 9o ¥eat, inae values

i

ohta'ned from this study seem to be gsmalier that exnecred. g can

however be attributed to tnhne un T fo "mity of tne grasmn s za. N view

of Thne reiatively small capillary rise &t woud he reascoranie to

re pressuras woulad 08 ralatsyal .

assume that tnhe nregative

[2]
0
T

(R KX B 22X

b= >3

d 2
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ant in terms of practicality. (herefore, can-ilary rise w11 nox ‘A
L
l be condidered any further 1n this study. Instead, the emnhasig wo ]
' shift to the negative pore water pressures maintainad 11 Ingividyual <K
o
ﬁ 3 3 v 3 .‘
water meniscus between so1l grains, Yn a comrmpietely dispersed son) X)
[ §
. : . »
water distribution. R,
\.
o
l‘
5.3 Effects of a Urgpersed Water Ulstribution }
. 3
g ————————————————————————————————————————— + M
"he pressure within an 1ndividual water meniscus for a complietely "
(]
| -
dispersed water distribution s directiy related o the s ze and shane N
(]
I‘.'
E of the water meniscus. 48 higher saturation level ftends to ncrease _,12‘
the radius of the water meniscus. The negative water nressures o~
KA o 'l‘
‘ . X N . . - Pe’y’.
(water 1in tension) in the water meniscus causes intergranuiar strasses, 5
. \f
‘l which increases tha effective stress. The degree by which this mechan- 2!
i ism effects the fine sand is studied 1n this sectron. N
- -
- $I
¥ Py
>
fwo triaxial tests were performed, one on a saturated sampie .?;
[ s
g and the other on an unsaturated sample (Sr=bl%), with an anni-ed
, o
, . . _ . )
’ matrix suction ot 5 ps1. fme 9 ps1 of anplied matrix suctron was Y
A
- "\
choosen hecause such a value woulid not aliow caprilary raise. "he ,i
v A
speci1al)l ceramic disk allowed measurement of the nore water pressureas.
"
Y
gg : R
Howev2r, as mentionad 1n a nrevious section the vailges may not be Py
\ "o
S
§E representative aof the actual pore water pressura 1mn the marigeo- ?:
Y
L)

distributed throughout the sampie.

-
LN St
fed

Ohservation of Fi1g., 10.a 1ndicates that tre affects of tna

.

[
'n"...

watar meniscy are relatively unimportant (witn r
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strergth) ftor 2 samnle whose saturation level s b0U%, votd rat o
»
of 0.0, and effective confining nressure of 10 ps-. fhe sheanr .
L}
g strength was expected Lo 1ncrease for the unsaturated sample. ’
N L)
spparently *he grain size 1s such that 2 bil%X saturated cample forms N
g relatively large water menisci (radius), and/or the 1ntergranulae X
k g
forces created by such a mechanism act over a very smail area 11n !
@ relation teo the area of the sample. .
' - . - A
fhe triaxial tests were performed at a constant strain rate of
o _ . . 2
0.095% per minute. he slow strain rate allows the chan 2 M
‘a .'
water pressure to stabilize before additional samnie deformation ;
L &% § - -
d’é causes additional changes 1n pore water pressure. Iz should npe noted \
g
that the negative pressure in conjunction with surface tenston effects
Iy 2}
' tend to make the water more viscous as onnosed tao free watar .
.q', b
@ fhe vardiation of matrix sucticon with axval strain curve, 1n kig. o
. +
10.b, shows that the matrix suction decreases during the eariy stages
g of the test, and then levels off to a fairly constant value. ouring .
L}
N . - L
X the early stages of the test the sample compresses. &8s the soi 5
» "
' grains come closer together a given amount of water 1n the meniscus -

tends to increase the radius of the water mer-scus., lhs “Nnorease

in radius causes the water pressure to 1ncrease (pPositive diraction) .

LN IR PR
.

e 1imiting value would be the ampient 27r pressure (Matrix guction

% equals zero). 85 the test progresses, the sample starts tn d-alate
unt1l some poi1nt showing 2 203 tive dialation. Ure wouldg expect

'4 .

¢ the norge water pressure fto decrease at this stage, (due tn grains
»
A
N
R
\
‘
‘
‘(
“~
A
*-

IR
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moving apart). ih1s trend g eviden
ine reascon for such a slight cbservat con
restra‘nts, which tend to onstrain

ends .

ihe graph of varsation of velumetric strain with ax-a’ st

shown 1n rig. 10.c. 'here does not aprear o ne any s gr ftrca

drifference between
Un one hand, this

for the sampies. But on the other handg,

should exhibit more caompression armd haold off

the 1ntargranular stresses. It seems reason

==

intergranular forces involved 1in thas unsaturataed

gihle.

¥

Certainly, two triaxial tests annct he cnonsgH rad as concltu-

-

sive evidence to support a theory that thne unsaturated sand hehaves

similar to the saturated sand under dra-sned cornd ftions.

several additional triaxial tests were pertorm

5

watar pressure measurements. The water menisctr in ar unsaturated

granular soil w11l hold the so1l gsampie rtogethner under un firnad

SAE

conditions, resulting in a small unconfinea compressave ngth,

» "I

[\

fhis strength should be amparent 1n the form of a cokhas-on 1ntaercent

on the Mohr's circlie dragram. irraxial tests were a2er¥nrmea at vary-

Tng confining ratros of U.bU andg 1. %1, arg a satgr-

ation of JTu%, e rasults ara g rven n A nere -~ a detimasao

(& 99

cohesion 1ntarcent for both

H3 28
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fne 'ntercent can he takern to ne acpraox matel

Several saturated tests at a veold rart-oo of D80 were pertormed.

~+
it
J
]
1)}
1]
+
ju]
®
o
)]
4
0
0]
J
0
b3
J
4
]
-
4
»]
0
J
®
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m

he Mohr circle diagram o
tests also ndicate a cohesi1on Intercent, rougnly 3 nen It 15 not

uncemmon for a sand sample in a £triaxial test to show a2 small 1nter-

cept. I'his gmall 1ntercent s usually attrarbuted to the rubhber mem-—
hrare (1-2 psi). lwo rubber membranes were used on each camnia
tnrouyghout the testaing program. fherefore, 1t 1s reascnahie to exnect
an 1ntercent of 3 psH. Conseauentiy, the cohesion Tntaercent for the

unsaturated rtests also ‘ncliudes the effects of the runber membranes.

fhus, the % ns1 1ntercent 1n reality ma

"
<
[ag
®
N

lozer to ns . Nate

in Fig. 11.b and 11.¢c that both the unsaturated and saturated samp'es
have the same frictiorn angle with only the magn-tude of tre 1nt: IRl <
being different. Despite the 1ncrease 1N the cohesion ntercent for
the unsaturated samnle, 1ts relative 1mportance can st 111 ne considered
insignificant. Therefore, it is suggested that 1n 2 drained condition

this f1ine sand will behave {(with regards f£o stress-strain) €i1miltar 1n

both a saturated and unsaturated state. Pprobanly, the only way to

develop clear trends with regard to the differences 1n stress-strain
hehavior of the unsaturated (as onpoced To a saturated) samp’e would
re to perform a very Targe numner of fests N order %o esraniisn

stat gtical trenas However , considering the ohviousiy small contri-
butions to the etfective stress generated ny <“re wataer manm-snt, 2s
well as eaquipment Timitations, thorougn araliys~s woulid nor he
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5.4 Undrained Saturated ir1axial 1ests

& seriaes of undrained tri1axial tests were nerformed on saturated

samples. Upon completion of these tests 1t was apparent that m

0
+

st o

the sampies were at a saturation signiticantly neicdw 100%. TErgna F -

icantly® 1s a relative term amd 1n this case a saturation level of 98%

can be considered sygnificant. la realrty, a 100% g

R 0 aturated samnie 1s
impossible to achieve due to the dasspived ar n fthne water increasg-

1ng the back pressure on a sample has thne effect of 1n

0

nre

b}

s1n

[ty]

Skempton’'s B parameter (B=the change 1in pore nressure divrided by the
change in confining pressure). As Skempton's ¥ parameter 1ncreases,
the combined fluids (water and air) decrease 1n compressibilaity. 8

e af 1.0, Normally

nerfactly incomoressible fluid will have a B-val

§

a B-value betweaen 0.956 and 0.99 is considered very good. Rarely w117

a B-value be higher than (0.99. -

The test samples were compacted on the triax al pedestal to a
void ratio of 0.60. An initial confining pressure of 10 ps1 was
appiied to the samples. aftaer appiying the confining pressure, a

continuous amount of de-aired water was flushed through the samnle.

[t should be noted that the system was complietely de—-azrea hefore

use.

Even with the thorough flushing with de-ai1red water, a K-vajue
was virtually nonexistent at zern hack npressures. Sunsequentiy, ftna
samples were back pressured to 80U psy, In (U nAs" Tncrements. ks

resulted 1n a B-value of Q.95-0 .42 for all tma samnl

D
i}

Sand 15 2

difficuit soil to chtain a Qood H-value hecause of t

T

e Nnigh poreosity.
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water in the sand can Titerally surrouna smail nockets oF 2717 T
water 2t the air/water I1nterface is n¥luenced by surface teng-on,
resulting 1n the difficulty with flushing avr nockets out of tne
sampie.

lhe stress—-strain curves for the test series are shown 1n ryg. (2
fhe results were plotted for high, mi1d and Tow range values of srear
strength. Most striking 1s the difference in magn-tuges oFf the shear
strength anrnd tangent moduiusg between the high anmd Tow ranges. ime

Jow range values are roughly 40% lower 1n shear strength comparea t

(9]

the high range vaiues. fhis is a significarnt diffarence conr

)
V]
12
D
3

4

J
4l

that 217 the tests were nerformed on samnies wrth the same daens-ty

Y
J
2

confining pressure.

The reascon for such differences n stremgth can be found 1n k-

[1y]

13, Here the pore pressures were nlottad for aeach range of shear

strength values. It 1s anparent that the drop in pore prassures wag

'he samplies tested tended to show 2 pos tive vaol

{dralation) at relatively Tow axtr1al strasns, witn

N
rt
it
D
[»}
bl
3
0
B
8}
3
I

press1an ori1or to dlyalatian. lre variati1on oY vyo . umert-tn stratns witn

axt1al strain s given 1n rFyg. 14, 4gatn, tha granhs are organtzed In

T
J
1]

high, mi1d and Tow range values of shear gtrength tC oapneass Yrom

resylts that all the sampies benaved the same 1n regards ro

T
T
(1]

<
0

Tume change.
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Tt would geem reascnable fo assume that the dgrffarances 1~ shaar
strength hetween samples could he attributed to drfferences 1n Tnital
saturation levelis. Note that the differemces 1n H-value (0 .85-0.92)
indicate differences 'n fluid ard seo1l compressinititty.

Theorectical values of initial saturation Tevels can ne calculated
by using equatyon [4]. Two theoretical calculatrons were mage, one
using a nrigh range value, and the other us'ng 2 low range value. ihe
data is given as follows:

High Range Test Low Range fiest
V total=4 .40 cu. 1in. V totai=4 .50 cu. Inm,
V s011=2.73 cu. 1in. V s0il=2.282 cu. 1.

V veids=1.67 cu. -Hin. V volds=1.682 cu. n.
Initial sbsolute Pore Pressure in1tial sbhgolurte Pore Pressure
equals 94 .72 ps- equals Y4 .12 nsH
@ “v=1.08% B Tu=t0T%
sbgsolutea Pore Pressure Equals apsolute Pore Vressure kquals
34 .12 psh 82,12 ngo
thus V water=1.674 cu. 1n. thus V water=1_b520 cu. n.
Sr=100% Sr=dn%

Me previous calecularions 1ndicate that tre migr rarnge shear
strength test had an 1nitya’l saturatiron of ituk, ints of co

1s theoretically 1mpossible, nius the corresoond ng Nore nrassure

change curve does not suggest such a saturat :nn level . Howaver s
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should ne realszed that tne measuraed values of Tw, Vvt ve are
abhsolute. In addiyton, equat-on (41 was deryveda for a state of
cempression. Nevertheless, such a calculatron does provide tne

avidence that the two samples had different 1n ti1al saturat-on

(100% vs. 98%), witnh the higher saturation corresoording to the

e
T e

higher shear strength. [t should be ncted that even the high shear

e
-

strength tests were able f£o achieve only a slight neqgative oore pressure

(back pressure equals 80 psy). it also 1llustrates that even a very

small amount of air in the samplie dcoes niay a ma_nr role 1n tre

stress-strain behavior of this so1l.

5.5 Pore Pressure Response of LCaramic Stone

PR

-

In the previous section the saturated (or near saturated) tests

were nerformed us-ing a coarse corundum stone 1n the base pedestal.

G

an” o e

Dol

- A
-

The permeabili1ty of such a stone s compatibie with the nermeabl ity

of the fine sand. In unsaturated testing a fine ceramic stnone 1s

normaliy used to transmit the pore pressures o the measuring device.

(X 777 B2 A %S o

the fonction of such a disk 1s to aillow measurement of pore water

(ag

. pressures 1ndependent of the nore air. fThs type of store was used
1in the unsaturated tests discussed thus far,
bour saturated triaxial tests were nerformed woth the same
" paramerers as that of the nrev-ious test series e tests used a
l.’ . -
t! caramic stone 1n the hase pedestal as opposed Y0 Tne acorunadum storne

Changes 1n nore pressure vs. axtal strasn curves are comnar

D
93
(a4
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similar tasts pnerformed with tre corundum stone. =AY
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1s meant that the stress-strairn hehav-ior close’ly resembie each other

D

Fig. 1% and 1b illustrate these comparisons. lhese curves clearly

indicate that the pore onressure response of the ceramic stone 11s

B R SEE e
(79
T

inadecuate for moderate strain rates.

20
b7

sdditional tests were conducted on the ceramic stone resnonse

oh
O
4 e . o X - . . -
m time. lhese tests consisted of increasaing the confining pressure
& )
1in the triaxial cell without a seoil samnlie. Tha resnonse of the

<
0
*l

measuring system gives an 1ndication of the effichenc the cer-
amic stone with regards to pore pressure measurement. fhese results

are shown In Fig. 17. 4again, it is evidernt that a cons-derable time

lag 1s involved with usage of the ceramic stona.

5.6 Undrained Unsaturated Test Resuits

An extensive series of undrained tests were performed on samples

of the test sand. The pore water and pore ai1r nressures were not

LIS
=

measureaed 1ndepnendentiy. The following parameters were varied during

= g

the tesft series:

R

1. Saturation Level (Sr)

2. Void Ratio (e)

_‘%‘"-
' e

by 3. Effective Confining Pressure (PFo)

o
are

4. Back Pressure (vo)
Strasn Kates
& complete granhical representation of each test '3 giver n the

appendix (Deviator Stress, Pore Pressure, volymetric Stratn vys,

R
O e
g

. Ax1231 Strain).

Al =B

RN IR AL WA X ) “lj.s}mq bty LX), M) DO O N S 0 W .g‘\‘. % ' ’ . ¥, 3 ] ' * "‘ } " \ -" |". Ny ‘f"“-"‘ e \\.' el



NN Y N YUV UV UN UV N UV IR WYY N

v
)/ g
! ‘
Pt
27 NN
Yt
U
Iln regards to the saturation level, the first 1item to ne ::u
' investigated was the shear strength. For this purnpose, tests were .‘:
| . ) o . h

E pertformed on dense and loose samples (e of .60 and 0.30) at satur- 'l.
ation levels of 2%, 4945, and 100%. Fig. 18 4llustrates how the Wi

ﬁ undrained shear strength was affected by the saturation Teval. ror .
X
the dense samples, the shear strength increased rapidly as fulil .
30 st.
ﬁ saturation was approached. Such behavior s expectad due to the di’l- A
ation characteristics of the denser sampies. [t 1s a theoretical W
fact that large negative fluid nressures wi1ll develaop if thare 1s an ‘,i
o

)
g increase in volume in conjunction with an incompressible flu-d. bt
However, as pointed out earlier, the pore fluid is not truely "
E B » i
. . . . - nt
incompressibie. Consequently, the pore pressures dronped to only oy
. "
a small negative prassure fram a back pressure of either 1 -2 ;5'

-

psi. $til1) such a pore pressure drop greatly 1influenced the strength

of the samples whose initial confining pressures were of the same

[ s am Wi ot 2 ‘n}
e 4

ﬁ A
magnitudes as the pore pressure drop. It is neoted in Fig. 18 that the
g initial effective confining pressures (20 and 10 ps1) for the denser 3
’
1 a ‘
samples had no relative effect on the total shear strength. fh1s was A0
1 because the confining pressure was held constant at 30 psi with the )

.

pore pressures dropping to zero in both cases, (the back pressures

o

w
?‘"
ware initially 10 and 20 psi respaectiveliy). It 1s autte evident A
¥ e
from Fig. 18 that a siight ntreoduction of avr wi1ll dramatically S
. | | o | ] »
% affect the shear strength of the denser sampies. ‘me gsaturation Wy
>
'
+ A
Tevel effects are less nronounced between the Y-% armg 24% saturated ."::
1]
o
n sampnles. The slight drop 1n strength between the dY4% and %% Tevels
=
§ |
N
N
[}
. -
s
. \‘:
N P O X o Ay 40 P S el e S g T e gl e g



volumes of a-ir
25%% sampie)

into or out

2
i
1
3
:

was virtually

attributed to

‘ m

fairly constant

%

evidence for the

effective stress

g ]

by the fact that

shear strength.

The effects

Fig.

saturation Tevel

=

[ 33 B

in a weaker soil

THEl =

are thought to b

of the samples before or during the

Tha loonse samples

ationship with saturation

sample (see appendix).

volumetric strain.

was aiso investigated.

Overall,

e attributed mostly to the differances netweer tne
in the samples, with the water meniscy aetfectsg (1n
nlaying a limited role. No water was allowea ro fliaw

rests.

(e of 0.80)

showed an entirely ar+f+arenr ral-
lTevel, as 1n r1g 18 . 'h@ shear gt-argtn
equal at the 100% and 25% ievaels SuUcnh heraviar can nNe
the volumetric straln characteristics of thne loose
In the Toose state the fimne sand shows 15t o
As a consequence the pore pressures wiril remasn

{1init1al back pressure) throughout the test.

theory that this so11 possesses a very limited

increase (1n an unsaturated state), 1s 1llustrated

the 100% and 25% samples (e of 0.80) have the same

of saturation level on the 1initial tangent modulus

The results »f such a study are shnowrn 1n

the 1initi1al tangent modulus decreased as the

increased. bDuring the 1niti1al stages of the

n
3]

£

triaxial test, both the lcocose ard dense samplies corpraess siigntly.
Such compression resulits in slight 1nrcreases in pore pressures. Os
\!
the pore fluid approaches water saturation, the pore nrassure o
“ o
N
increases become larger for a given volumaetric decrease. & ri1ca -
N
1in the pore pressure wi'll raduce the effective stress, which resuits 4

structure.
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Fig. 20 and 2" illustrate that the beha
a saturation level of 25% is independent of
naressure 1s
In addition, the figures also show that ar undrajined t

same stress-strain behavior as a constarnt water conten arained)

N

test. Such behavior can be attributed to the Targe voiumes of a231r n

the samples.

L oA

o date, there has been l1ittle experimental

effects of strain rate for an unsaturated sana.

9

performed at various stratn rates as part of the

saturation Tevel was held at a constant valuye of 25% ) h

.

%
N

ratio cf the samples were chosen to be either 0U.80 or 0.80. ihe
saturation value was chosen at 25% because it was thought that thiys

small level would induce high negative pressures within the water

L

menisci. High negative pressures and surface tensI on are thought to

make the water have a higher viscos ty.

lhe results indicate that there 1s no relationsh-p hetwaen tha
shear strength and the strain rate, as rig. 22. [t 15 corcliuded thar
either the effects of the water meniscus operate over ar araa » o)
small to be a factor, or the water meniscy do neot act "» a viscous
manner. The higher strain rates seem to induce nighar d-i’
potential, as evidenced by the volumetric strasn vg. ax-al
curves (appendix). &8s tne r @ anart

, 2 Qlven

meniscus should have a decrease 1n its rad-yus. Such a decreacse

[ B % B o 2 ur

1n radius would cause higher regative pressures within tne man scH

Al B
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However, thys effect does not appear to ne a factor for tre given
sang under the test conditions. 8gain, showing further evidence
that the menisci "N this unsaturated sovl nlay a2 Tamited ro’e ~n 1*g

stress-strain behavior.

lhere zppears to be a siignt relationshin netwean stra'n rate

ana Tnittal meodulus for a dense sampolie ‘e of U.bU), as shown n Faig.
23. fhe ni1gher strain rate samplies tend to drlate even during tre
inittal stages of the test, unlike the slow rates wher a small

amount of compres<ion took place. lhere anpears to he no relat-onshipn

hetween straln rate and Intti1al tangert moadulus for tre Topse samoles,

F1g. 293. lhe sampies in this case aliso 1ndicated higher d-rlat-on

potertial, bur compression did tawe place auring tre sarliy sta

A
A J

@s of

1]

the test. .

I he behavior of tne so11 with respect to strain rate 15 for the

most part urnclear. Ihe fastest stra'n rate used 1n this test serves
was 8%/min. By laboratory standards, such a rate can be cors-dered
moderately fast. I 18 unknown whether or not these rejationshins

described above can be extended to stran rateg far greater than

3%/min.
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The nurpeose of this research has beer ty

investigate the usefulness of the unsaturated testing anparatus.

.
Second, to investigate the bhehavier of an unsaturated sand. fhe Ryt
,
: . )
general concliusions that can he drawn from f£his research are ghven a9
. below. O
. o
' '.l
%
- - . - \
The test apparatus or the whole performed sat sfacroriiy, with *§
- » X
g duplication of test samples showing gond 2agreement 1n fthat~ rasults. ’
o
The automated data aguisition system proved to be especra’ iy usefu’, G
.
. . . . - - (]
with a capability of recording test data every 5S-b seconds. ;
1' )
A\ The axis translation technique 1s useful in monitoring pore water R,
; pressure changes or describing capiilarity, 1n unsaturated soi1ls. Ihs ~;
9
. , | | ‘ L
is especially true for unsaturated soils whrch exhibit pore water pres- )
g sures beliow -1 atmosphere. [£ has heen mentioned that care and .
‘ ’
. - el
patience 1is required when apply ng the axts transltation technique. ~a3
. il
8 :
[ )
l'here 1s a critical value for £the applied matrix suctron 1IN
Ly
B 5
, which the tendency for water to be drawn 1nto the sotl structure s iy
i,
i
negated. 4t this point the water pressure witrin the mensscy can be W
. J
F;‘l'
' taken to eaual the matrix suction minus the pore air nressure 6 -
SR
% slight decrease in the matrix sucticon from this cratisa’l potnt w1l ‘,
. R
. cause the sample to hecome saturated. 'his 1s because the water Ny

L e
w

{

neads to climb only the height of trhre samp'a, which was typicall

inches 1n hedight.
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By using a spectal ceramic store, the nore water pressures

could be monitored i1ndependentiy from the pore air pressures. The ot

stone used 1in the testing proagram had a aermeability of 1.0 x 10 =Y )
!g cm/sec. Such a low permeability results in time lag petween measure-— P
’ 7
v i oy
ments, especially at fast strain rates. Iln adartion, there 1s some v‘
]
: question on whether the use of the ceramic stone will yielid represent- ¥y
)
gi ative water pressures for a dispersed water distrihution. 1
' 0
)
L0
Lonstant water tasts were performed on hoth s11t and the test d
ﬁ) .!.l
: sand. & constant water content test allows changes 1n pore water 9
Sﬁ pressures, while holding the pore air constant. 'hese tests 171 lus-— i
t
1 ,0:
trated the usefulness of the test apparatus and nrocedures. e ﬁ
‘.I
s11t showed large increases 1in shear strength 1n an unsaturated
N
a state. Contrary, the test sand showed littlie or no 1nfluence from .
H # 3
. +
h‘ the water menisci1 effects. ;

A series of undrained saturated tests i1llustrated the 1mport-

ance of even minute amounts of air in the sand. ine tests 1ndicated

AP

==
'

v g

that it was difficult to achieve complete saturation of the fine sand.

=

8 serias of undralned, unsaturated tests weres perfaormed trom

2 S

F R . - - -
¢ which the following conclusions can he made: S
‘m

.ﬂ ' e stress-strain behavior changes T ttle wrth rasnect gy
® " S
to saturation level, unt1l the level annrcaches satura- "

.
«

:
.
a

tion (4948%)

f

o
flf-{{

.
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2. The 1nityal tangent medulus decreased with amn ncraease
in saturathon.
2. For lower saturated samplas (Sr=24%) there seems tno he

ro difference between an undrained tast and a daralned

test.
4. The di1lation potential of the sand 1ncreasas with strain
ratce.

5. The shear strength of the fine sand seemrs

ot
8]
e
0
3
[}
j¢7]
.{;
ot
a
<
0]
s
<

unaftfected by the diffearent strain rates used 1n the test-
ing program.

6. The initial tangent modulus increases slightiy with gstrain
rate for dense samples.

7. The strain rate has no clear effect on the initial tangent

modulus for Toose samples.

[t was inaitially thought that the fine sand would exnib t defin-

1te trends with regards to saturation Tevel, hut the tests conducted
in this study -+indicate that the fine sand does not possess signyrficant

increases in effective stresses, due Lo nagative pore water nressures

&,

or surface tension ftorces. Such behavior +4is probabhliy the result of
the size and uniformity of the sand grains. tn add-tion, sand grains
do not possess the physio-chemical attractive forces that are nrasent

1N cohesive soils.

The following are suggestions for future Imorovements 1n tha

test program:

.
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a2

AL o) Al‘. ()

'he

Higher resciution of the

[»]
D
]
<
0
-
3
b}

(0]

am

. Use of a more permeable ceramy ton

0
0]
3D
1
J
+

s0i1ls with Tow to moderate suct ron potenty

require an air entry of 80 nsi1, as used in

rasearch.

De-air the water under a higher vaccum.

apnaratus and nrocedures that have been develo

8]
(V]
1G]
n
a
5
D
a
t/]

ned thus fa

are unique to so1lls testing. fLontinued research 1n this area wiil

no doubt

that future research with the above apparatus and procedures ytiiize

a different so1l type. Unsaturated soi1ls testing s

for sovis

attractive

rime and a

-

atfor

provae to be valuable in the future. Lt 18 recommended

with a fine grain structure and/or physio-chem-ic

“+
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orces . Howevar, the ‘test program will take much more
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